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ABSTRACT
CHARACTERIZATION OF IRON OXIDES 
AND ATMOSPHERIC CORROSION OF STEEL
Sei Jin Oh 
Old Dominion University, 1997 
Director: Dr. Desmond C. Cook
Research has been performed on steel coupons exposed to the atmosphere in order 
to improve the understanding of the formation and development of iron oxides which control 
atmospheric corrosion, and to establish data for predicting corrosion behavior taking place 
under specific atmospheric conditions. Improving the analytical techniques required for 
studying corrosion behavior was another goal of this research. Then, different analytical 
techniques can provide additional information, such as identification, fractions and layering 
of iron oxides formed on steels.
The study of corrosion behavior was performed using three different analytical 
techniques, which provided information on the formation, development and layering of iron 
oxides on the corrosion products as a function of atmospheric conditions, exposure time and 
type of steel. In particular, the protective layer formed on weathering steel was investigated 
as a function of different amounts of alloying elements in the steel, atmospheric conditions 
and exposure times. Combined together, the results provided a better understanding of the 
atmospheric corrosion behavior of steel, and formed a part of database o f the atmospheric 
corrosion characteristics.
Accurate characterization of the iron oxides often formed on steel surfaces was one
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of the aims for this research. Seven iron oxides, goethite (a-FeOOH), akaganeite (P-FeOOH), 
lepidocrocite (y-FeOOH), 8-FeOOH, hematite (a-FezC^), maghemite (y-FejOj) and 
magnetite (Fej04), which are often found in corrosion products present on steel, were 
characterized by Mossbauer spectroscopy, Raman spectrometry and x-ray diffraction analysis. 
Complete identification of the corrosion products formed on steel required more than one and 
most often three of the analytical techniques. In particular, the Mossbauer characterization 
of the iron oxides included measuring the relative recoilless fraction (F-value), which was 
defined as the ratio of recoil-free fractions of two different materials. The relative recoilless 
fractions of the iron oxides allowed the conversion of Mossbauer subspectral areas to the 
relative atomic, molecular, or weight fraction of each present in a mixed iron oxide sample.
The characterization of the iron oxides was used to study the atmospheric corrosion 
behavior of weathering, copper bearing and carbon steels as a function of environmental 
condition, exposure time and type of steel. Goethite, akaganeite, lepidocrocite, maghemite 
and magnetite were identified in the corrosion products formed on the steel coupons. The 
formation of superparamagnetic goethite showed a correlation with the corrosion rate for 
seven types of steels. After long term exposure, superparamagnetic goethite on weathering 
steel, was the final iron oxide formed in the corrosion products. The corrosion products 
typically formed in two layers. The protective layer, the inner layer, was formed by goethite 
and superparamagnetic maghemite. Increased amounts silicon and smaller amounts of 
phosphorus in the steel substrate increased the relative fraction of superparamagnetic 
goethite, in marine and rural environments. However, different amounts of nickel did not 
affect the formation of the iron oxides even after long term exposure. Increasing the silicon 
content in steel would be helpful in enhancing corrosion resistance for the long term lifetime 
of steel structures under atmospheric conditions.
Advisory Committee: Dr. A.C. Van Orden
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1Section 1 
Introduction
The history o f steel’s use began before the Christian era. Iron beads found in an 
Egyptian cemetery date back to 4000 B.C., and in early Rome, a highly prized form of 
jewelry was wedding rings made of iron. Steel made in eastern countries, namely Persia, 
India and China, was apparently of good quality. The age of modem steel really began less 
than 100 years ago because prior to this, steel had been used only in very small amounts for 
many centuries. At the present time, steel has become the most widely used metal alloy. This 
is because nature has supplied an abundance of iron ore, and steel is the most adaptable 
material at the command of man. It can be made hard enough to cut glass, made springy as 
the steel in springs, made resistant to heat, rust, and chemical attack. In feet, no other metal 
is as versatile as steel [1].
Steel can be generally divided into two different types, carbon and alloy steels. 
Carbon steel is an alloy of iron with carbon and small amounts of manganese. Carbon steel 
is the major type of steel produced. It has numerous applications in automobiles, homes, 
machinery, aircraft, tools, bridges, oil well drilling equipment and many others. Another type 
of steel produced is alloy steel. Alloy steel is generally divided into two different types: low- 
alloy and high-alloy steels. As a general rule, the dividing line between them is approximately 
5% of the total alloying elements [2], Alloy steels are made by adding precise amounts of one
The model used for this thesis is Hyperfine Interactions.
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nor more alloying elements to a molten ore in the hearth of a furnace. The principal alloying 
elements are carbon, aluminum, manganese, nickel, silicon, copper, chromium, sulfur, 
phosphorus, molybdenum and vanadium [2],
Corrosion is defined as the destructive result o f chemical reaction between metal and 
the environment to which it is exposed. Corrosion can be classified into various forms, such 
as uniform corrosion, galvanic corrosion, crevice corrosion, pitting corrosion, erosion 
corrosion and atmospheric corrosion [2-10], Atmospheric corrosion is predominantly found 
on the steel surfaces. Water plays a significant role, although atmospheric steel corrosion is 
also largely caused by oxygen contained in air. Generally, corrosion products due to 
atmospheric steel corrosion are believed to form randomly on the steel surfaces [3], 
Atmospheric corrosion is controlled by the type of steel [2-3, 11-16], environmental 
conditions, such as the time of wetness [14, 17-18], air pollutants [2-3, 19-31], temperature 
[2-3], and dust content [2-3]. Contaminants in the atmosphere consist of various species of 
particulate matter which may be either natural or synthetic in origin. Environmental 
conditions have traditionally been classified into four types, rural, marine, industrial and 
indoor, by corrosion specialists, although meteorologists classify the atmospheric 
environment by temperature and moisture (e.g., polar, temperate, tropical, desert and marine) 
[2], A rural atmosphere traditionally is that of the inland, while marine atmospheres are 
associated with coastal areas and up to several kilometers inland [2], The range of the 
marine environment, whether it can be 100 meters from the shore line or ten kilometers 
inland, can be extended inland by strong winds and the high surf at the shore. An industrial 
atmosphere means the atmospheres of commercial regions [2], In many areas, combination 
of marine and industrial atmospheres are present. An indoor exposure means one in which 
the temperature and humidity conditions are typically those inside a building. However, it is 
evident that there is no clear line of classification between these categories. The type of steel 
used is very important for studying atmospheric corrosion because of different passivity that 
depends on the type of steel.
Weathering steels as defined in ASTM standard A242 and A588 [32, 33] have high 
atmospheric corrosion resistance due to the formation of a protective layer on the steel 
surface. They are a good example of a corrosion-resistant alloy which is forms a passive
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
film. Weathering steel, which contains copper, chromium, nickel, silicon and phosphorus at 
levels less than 3%, is a type of low alloy steel with relatively high strength. The addition of 
these alloying elements in the steel promote the formation of a protective layer which acts 
as a barrier, reducing further the corrosion process. The protective layer consists of an 
adherent iron oxide (rust) layer in the corrosion products formed on the weathering steel. 
The complete formation of a protective layer on the surfaces of weathering steel substantially 
reduces the corrosion rate. Therefore, the formation of a protective layer promotes the longer 
lifetime of the outdoor structures of weathering steel with minimal maintenance cost. 
However, in order to function properly, weathering steel must be exposed to repeated cycles 
where it is fully wet and then fully dry [3]. If the material stays wet and is not allowed to dry 
fully, the protective layer of iron oxides may be transformed into a different iron oxide layer, 
such as is formed on carbon steel which is not protective [3],
To help reduce atmospheric corrosion of steel, two controlling methods, namely 
coating and alloy substitution, are generally used. First, several coatings or paints are 
generally used to reduce atmospheric corrosion. Often, economic factors favor a coating or 
paint on inexpensive carbon steel over an uncoated, more expensive, corrosion-resistant 
alloy. However, if large maintenance cost is a necessary consideration, corrosion-resistant 
alloy steels may perform well in a variety of atmospheres with almost no evidence of 
atmospheric corrosion. Secondly, atmospheric corrosion is also reduced by substitution of 
alloy elements into the steel. It is well-known that weathering steel, which completely forms 
the protective layer, is more resistant against atmospheric corrosion than carbon steel [2-3, 
34-35], Thus, substitution of alloy elements into steel can be a permanent method for 
protecting steel against atmospheric corrosion, and it requires the minimal cost for the 
maintenance of the steel structures.
To create a database of atmospheric corrosion data as a function of environmental 
conditions, studying corrosion products on steel exposed under corrosive atmospheric 
conditions is more valuable than studying corrosion products produced in the laboratory. 
Although there are many widely accepted accelerated laboratory corrosion tests [2-3, 11-14, 
17-18, 20-28], none have been found to satisfactorily duplicate the composition of the 
corrosion products produced under atmospheric exposure conditions [2-3, 15-16, 36-40],
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4This limits the ability to evaluate the prospects for usage in specific environments, and limits 
modeling for predicting the overall lifetime of a steel structure when the environment is not 
fully characterized.
Many scientists and engineers are presently involved in research programs for 
determining the effects of atmospheric corrosion on steels. Their concerns are generally to 
control the atmospheric corrosion by improving the overall understanding of the corrosion 
behavior of steel as a function of environmental conditions, exposure time and type of steel. 
Thereby, the cost of maintaining steel structures can be reduced, and extending and precisely 
estimating the lifetime of steel used in outdoor applications can be possible.
The ultimate aim of this research is to improve the understanding of the formation 
and development of iron oxides which control atmospheric corrosion, and to establish data 
for predicting corrosion behavior taking place under specific atmospheric conditions. 
Improving analytical techniques for studying corrosion behavior was another goal of this 
research. Then, different analytical techniques can provide additional information, such as 
identification, fractions and layering of iron oxides formed on steels.
The study of corrosion behavior was performed using three different analytical 
techniques, which provided information on the formation, development and layering of iron 
oxides on the corrosion products as a function of atmospheric conditions, exposure time and 
type of steel. In particular, the protective layer formed on weathering steel was investigated 
as a function of different amounts of alloying elements in the steel, atmospheric conditions 
and exposure times. Combined together, the results provide a better understanding of the 
atmospheric corrosion behavior of steel, and form a part of database of the atmospheric 
corrosion characteristics.
An attempt to understand the effects of corrosion products on steel structures is best 
done when iron oxides are uniquely identified and the fraction of each is accurately 
determined. In order to uniquely identify the corrosion products on steel, the iron oxides 
commonly formed were characterized. The characterization of iron oxides was improved in 
this study using Mossbauer spectroscopy because earlier published characterization studies 
of iron oxides were shown to lack consistency in the hyperfine parameters of each. It is 
believed that this may be caused by the presence of impurities in the naturally formed iron
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5oxides, or the presence of substitutional metal elements and different precipitation methods 
for iron oxides.
Using Mossbauer spectroscopy, the characterizations of iron oxides were performed 
by several different methods the detail of which will be discussed later, in order to best 
resolve the complex spectra resulting from various both magnetic and non-magnetic iron 
oxides. The characterization of the iron oxides was performed at 300K and 77K in order to 
identify those with different magnetic properties at 300K or those which magnetically 
ordered between 300K and 77K. The Mossbauer characterization of the iron oxides 
introduced a new parameter, the relative recoilless fraction (F-value), which will be 
discussed in detail in the Section 4. Basically, the relative recoilless fraction allowed the 
conversion of Mossbauer subspectral area into the relative atomic, molecular or weight 
fraction of each iron oxide without requiring knowledge of the recoil-free fraction (f-factor) 
of each separate iron oxide.
In the majority of past research with iron oxides, the fraction of each iron oxide 
present in a mixed iron oxide sample, has been determined from Mossbauer subspectral areas, 
assuming that the recoil-free fraction of each iron oxide is the same. In fact, the recoil-free 
fraction of each iron oxide has been shown to be different [41-42], However, determining 
the recoil-free fraction of a sample is very difficult and requires the use of the Debye model 
to calculate the Debye temperature. Therefore, in this research, the relative recoilless fraction 
for determining the absolute fraction of each iron oxide in a mixed oxide sample was defined 
independently of the Debye model, and experimentally determined relative to hematite at 
300K and 77K.
The same iron oxides used for Mossbauer spectroscopy were also characterized using 
Raman spectrometry and x-ray diffraction. In the Raman spectra recorded for the iron oxides, 
some small intensity peaks which were not previously reported in the literature, were 
identified. Using x-ray diffraction, the characterizations of the iron oxides were improved by 
including the peaks present at high angles. The characterization of the iron oxides using 
Mossbauer spectroscopy, Raman spectrometry and x-ray diffraction was performed to permit 
identification iron oxides and to determine locations of each, and to precisely determine the 
relative fraction of each, in the corrosion products formed on steel surfaces.
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6Sections 1 and 2 present the introduction and the analytical procedures for 
characterizing and studying iron oxides. The characterization of iron oxides is discussed in 
Sections 3, 4 and 5 of this thesis. In Sections 3 and 4, lattice parameters and the Mossbauer 
hyperfine parameters of seven iron oxides determined at 300K and 77K are presented. 
Section 5 presents the characterization of the iron oxides by Raman spectrometry.
Sections 6-10 deal with investigation of corrosion products formed on carbon steel 
and weathering steel coupons exposed in the U.S.A., Japan and Mexico. The corrosion study 
were performed as a function of different steel types, exposure conditions and exposure time. 
Analysis of the corrosion products formed on weathering steel which was exposed at two 
different industrial environments and for different exposure times of eleven, fifteen and 
twenty-nine years, is reported in Section 6. In Section 7, corrosion products formed on four 
different types of weathering steel, one copper bearing steel and one carbon steel exposed 
at marine, rural and industrial environments for sixteen years are discussed. The correlation 
between iron oxides in the corrosion products and corrosion rate of steel is investigated. In 
terms of the different amounts of alloy elements in the steels, the formation and development 
of the iron oxides in the corrosion products are discussed, and the layering of the corrosion 
products determined. The protective layers formed on weathering steel are studied as a 
function of the exposure time, the exposure conditions and the different amounts of alloy 
elements. The iron oxides composing the protective layer were identified, and the location 
of the protective layer in the corrosion products was determined. The development of iron 
oxides in the protective layer as a function of the different amounts of alloy elements is also 
discussed. Section 8 presents the study of corrosion products formed on carbon steel 
exposed at Campeche, Mexico. Iron oxides in the corrosion products formed in a marine 
environment for up to one year of exposure were identified. A correlation between the 
formation of akaganeite and the different atmospheric contents of chloride is presented.
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Analytical Procedures for Characterizing and 
Studying Iron Oxides
Accurate identification and determination of the relative fraction of each iron oxide 
formed on a steel substrate is required to understand the corrosion chemistry and to model 
the correlation between the development of iron oxides and exposure conditions. The 
identification and determination of the relative fraction of iron oxides provide information 
about formation and development of the iron oxides in corrosion products formed on steel. 
Mossbauer spectroscopy can be used to identify iron oxides in corrosion products [29-31, 
37, 41, 43-47], It is also the analytical technique which is able to determine the fraction of 
each iron oxide in the corrosion products. Akaganeite, P-FeOOH, and lepidocrocite, y- 
FeOOH, are not easily identified in a mixed iron oxide sample, because they have very similar 
hyperfine parameters at 300K. However, by recording 77K Mossbauer spectra for corrosion 
products separate identification of akaganeite and lepidocrocite can be made because, at 77K, 
the magnetic characteristics of akaganeite and lepidocrocite are very different. The 
Mossbauer identification of superparamagnetic goethite, a-FeOOH, and maghemite, y- 
FejOj, due to magnetic relaxation caused by smali particle volume, is also very difficult 
because the room temperature Mossbauer parameters are similar to those of akaganeite and 
lepidocrocite. Raman spectrometry and x-ray diffraction analysis can permit the identification 
of iron oxides [15-16, 48-49], Since the Raman spectra of goethite and maghemite and 
superparamagnetic goethite and maghemite are very different from each other, Raman
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8spectrometry can identify them in a mixed iron oxide sample. X-ray diffraction is able to 
identify akaganeite, but maghemite and magnetite cannot be easily identified because their 
lattice parameters are almost the same. Maghemite and magnetite can be identified by both 
Mossbauer spectroscopy and Raman spectrometry because their hyperfine parameters and 
Raman frequencies are very different. Therefore, complete identification of the corrosion 
products requires the three analytical techniques: Mossbauer spectroscopy, Raman 
spectrometry and x-ray diffraction.
Mossbauer spectroscopy was used for the identification o f iron oxides in the 
corrosion products and for the determination of the relative fraction of each. Raman 
spectrometry and x-ray diffraction was also used for identification o f iron oxides in the 
corrosion products. Mapping of the surface and metallographic cross-section o f the corrosion 
products was performed by Raman spectrometry in order to determine the location and 
layering o f the iron oxides on the steel.
2.1 Mossbauer spectroscopy
The recoilless nuclear resonance absorption and emission of gamma rays, known as 
the Mossbauer effect was discovered by Rudolf L. Mossbauer in 1961. The physical 
phenomenon describes a nucleus in an excited state which decays recoillessly to the ground 
state with the emission of gamma photons. This emitted gamma energy can be recoillessly 
absorbed by a nucleus of the same kind in the ground state. This resonance effect developed 
rapidly into a new spectroscopic technique called Mdssbauer spectroscopy [50],
In a Mossbauer experiment, the source and absorber move relative to each other 
because the Doppler shift is used to compensate for the difference between the nuclear 
energy levels of the Mossbauer source and the absorber. The Mossbauer spectrum is 
sensitively controlled by hyperfine parameters of the absorbing nucleus determined by the 
isomer shift, quadrupole splitting and magnetic splitting. In this research, Mossbauer 
spectroscopy was used for identifying iron oxides and also for determining the fraction of 
each iron oxide in mixed oxide samples. The relative fractions of the iron oxides were 
determined from Mossbauer subspectral areas by using the relative recoilless fraction, a 
parameter which is defined and was measured in this study.
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9The energy levels of the ground and the first excited states of the nucleus are shifted 
due to the electrostatic Coulomb interaction between the 57Fe nuclear charge, which has a 
finite volume, and s-electrons inside the nuclear region. As the nuclear volume and the 
expectation value of the square of the nuclear radius are different for each energy level, the 
energy shifts, 8Ee and 6Eg in Fig. 1(a), of the first excited state and the ground state are 
different. The difference, AE„ between the energy shifts, 6Ee and SEg, of the Mossbauer 
source is different from that, AE„ of the absorber when the electron configuration, 
temperature and pressure of the Mossbauer source are different from those of the absorber. 
The isomer shift, 8, is defined as the difference in the energy shifts, 8E, and 8E„ between the 
Mossbauer source and the absorber, i.e. 8 = (8E, - 8EJ.
The nuclear charge distribution can deviate from spherical symmetry. A measurement 
of the deviation is given by the electric quadrupole moment, Q, which is different for each 
nuclear energy level. The interaction between the electric quadrupole moment and the electric 
field gradient, V= , at the nucleus causes a splitting of the (21 +l)-fold degenerate energy 
levels of a nuclear state with spin I>l/2 into substates, |L, imp-. The substates are 
characterized by the magnitude of the magnetic spin quantum number of | m, | because of the 
second power of m, in energy, EQ(imi). Therefore, the substates arising from nuclear 
quadrupole splitting remain doubly degenerate. In the 57Fe nucleus, the ground state with spin 
1=1/2 is not split because there is no quadrupole moment in nuclei with 1=0, 1/2, but the first 
excited state with 1=3/2 splits into two doubly degenerate substates, |3/2, ±3/2> and 13/2, 
±'A>, as shown in Fig. 1(a). The separation 2e between the two resonance lines corresponds 
to the energy difference, AEQ, of the EQ(±3/2) and EQ(±VS) levels, and is called the 
quadrupole splitting.
The magnetic Zeeman interaction between the magnetic dipole moment, p of each 
nuclear level, and a magnetic field, H, causes a splitting of the nuclear state with spin I into 
21+1 equally spaced and nondegenerate substates, 11, m p, which are characterized by the sign 
and the magnitude of the nuclear magnetic spin quantum number, m,. In the S7Fe nucleus, the 
ground state with 1=1/2 is split into two substates, and the first excited state with 1=3/2 into 
four substates, as shown in Fig. 1(b). The allowed gamma transitions between the substates 
of the ground state and those of the excited state follow the selection rules for magnetic
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1= 1/2
l / 2 ,+  l /2 >
(b)
Fig. 1. (a) Quadrupole splitting, and (b) Magnetic dipole splitting in S7Fe.
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dipole transitions, AI=1, Am=0, ±1. Only six transitions between the substates of the ground 
state and the excited state are allowed. The relative intensities of the six transitions are 
determined by the squares of the Clebsch-Gordan coefficients [51]. The relative intensity 
ratios for the six lines in the Zeeman pattern of a powder sample are 3:2:1:1:2:3.
The most striking effect of particle size reduction is superparamagnetic relaxation. 
Decreasing particle volume results in reducing magnetic relaxation time, t ,  and reducing 
magnetic relaxation time results in superparamagnetic behavior due to a vanishing magnetic 
field [50, 52-53]. The relaxation time, the time required for the electron spin reversal, is 
related to particle volume, V, and temperature, T, as
x « expCKjff V / kT) (1)
where and k are the anisotropy constant and Boltzmann constant. The energy, K^V, is 
obviously lower for the smaller particle. In particles smaller than approximately 15 nm, 
thermal excitations may cause the electron spins to change their directions spontaneously 
at 300K [50-53], The relaxation time is increased by increasing particle volume and lowering 
the temperature, thereby preventing superparamagnetism. For particle sizes of iron oxides 
greater than approximately 15 nm and smaller than about 50 nm the Mossbauer spectrum of 
the iron oxide generally consists of a broadened sextet at 300K that shows a distribution of 
magnetic fields. The Mossbauer spectrum recorded at lower temperature shows, that as a 
result of the increase in the magnetic relaxation time, the sextet becomes more sharply 
defined and often resembles a well defined magnetic structure. Particle sizes larger than about 
50 nm represent the bulk crystalline material. If particle sizes of iron oxides are distributed 
in a range of about 15 nm, the room temperature Mossbauer spectrum consists of a 
broadened sextet exhibiting a distribution of magnetic fields and superparamagnetic 
component exhibiting a doublet.
The Mossbauer analysis was performed using two different experimental geometries, 
scattering Mossbauer spectroscopy and transmission Mossbauer spectroscopy (TMS), in 
order to identify the corrosion products. In the scattering Mossbauer geometry, Mossbauer 
spectra were recorded using x-ray emission (XMS), y-ray re-emission (GMS) and conversion
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electron Mossbauer spectroscopy (CEMS). The scattering Mossbauer geometries were used 
for studying intact corrosion products attached to the steel. The scattering Mossbauer 
analysis proved invaluable for the study of corrosion products formed on steel because the 
Mossbauer spectra were recorded without disturbing them. Detecting the three types of 
radiation in scattering Mdssbauer geometry provided some depth-dependent information on 
corrosion products because the y-ray, x-ray and conversion electrons have different 
attenuation in materials. For XMS and GMS analysis, the thickness of corrosion products 
present on the steel substrate must be less than approximately 15 pm, while CEMS allows 
identification of the corrosion products which form within 0.5 pm of the surface. If the 
corrosion products present on the steel substrate are thicker than 15 pm, the complete 
identification of the corrosion products was performed by the transmission Mossbauer 
analysis. Transmission Mdssbauer spectroscopy was used for powdered specimens of 
corrosion products removed from the steel substrates. Fig. 2 shows the instrumentation 
diagram for the transmission and the scattering Mdssbauer spectroscopies.
For characterizing iron oxides by Mdssbauer spectroscopy, approximately 20mg of 
each was used to optimize the Mdssbauer absorption. The iron oxide powders were mixed 
with boron nitride and pressed into a 1cm diameter tablet. The transmission Mdssbauer 
spectra were recorded using a 20 mCi 57Co in rhodium source. Mdssbauer spectra were 
recorded at high and low Doppler velocities in order to best resolve the wide spectra of the 
magnetic iron oxides and the narrow doublets of the paramagnetic and superparamagnetic 
iron oxides. Spectra were recorded at room temperature 300K and 77K in a liquid nitrogen 
cooled cryostat in order to separately identify the iron oxides which were either 
superparamagnetic at 300K or which magnetically ordered between 300K and 77K. A 
commercial proportional counter filled with the mixture of xenon and carbon dioxide gases 
was used.
Corrosion products formed on steel were prepared in several ways for the Mossbauer 
analysis. Scattering Mossbauer spectroscopy was performed on the intact corrosion products 
on the steel surface. Transmission Mossbauer analysis was also performed on corrosion 
products mechanically scraped from the steel substrate. The scattering XMS and GMS 
spectra were collected using a toroidal detector, which was filled with 10% of Methane and
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Fig. 2. Geometries and instrumentation for transmission and scattering Mdssbauer
spectroscopy.
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90% of Krypton [54], The Mossbauer spectra were least-squares curve fitted using the 
transmission integral method in order to take into account absorber thickness effects and the 
overlap of the absorption lines of each spectrum. By fitting the Mossbauer spectra, the 
hyperfine parameters of the iron oxides were determined at 300K and 77K.
2.2 Raman spectrometry
The Raman effect was discovered in 1928 by C.V. Raman while he was conducting 
monochromatic light scattering experiments on water samples. Raman spectrometry is an 
analytical method that is based on detection of a shift in the frequency of re-emitted laser 
light. Raman spectrometry is based on inelastic light scattering in which scattered photons 
exchange energy with the sample. When laser light is reflected from a surface, most of the 
laser light will have the same frequency (Rayleigh scattering) as the incident laser light. 
However, a very small fraction of the re-emitted laser light, perhaps lO'MO'10, may undergo 
a shift in frequency (Raman frequency) which can be a characteristic of the material. The 
frequency of the re-emitted photon will be increased or decreased. First, when the frequency 
of the photon is smaller than that of the incident photon, the vibrational energy of a particular 
interatomic bond increases. The phenomenon that the frequency of the re-emitted photon 
decreases, is known as a Stokes shift. Most Raman analysis is based on a measurement of the 
Stokes shift. Secondly, another type of frequency shift occurs when the frequency of the re- 
emitted photon increases with an energy gain from interatomic bond in an excited state. The 
phenomenon increasing the frequency of the re-emitted photon is known as an anti-Stokes 
shift, and requires a molecule present in a material to initially be in an excited vibrational 
state. The Raman frequency resulting from the Stokes shift or anti-Stokes shift will be 
different from material to material. Therefore, Raman spectrometry provides a distinctive 
spectral fingerprint characteristic of each different material. Fig. 3 shows the instrumentation 
diagram for the Raman spectrometry.
The Raman microscope can be also used to study the surface and depth profile of a 
material. The probing depth of Raman analysis is limited by the penetration of the incident 
radiation. The probing depth is about 1 pm [55], and the laser beam can be defocused from 
a spot size of 1 pm to 10pm in order to prevent the phase transformation of iron oxides due
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Fig. 3. Instrumentation for Raman spectrometry.
to high laser power. If the thickness of the corrosion products is less than lpm, the Raman 
analysis is able to provide a complete analysis of the corrosion products through surface 
scans. This means that the study of the entire corrosion coating is possible though surface 
scans without removing the coating from the steel surface. However, if the thickness of the 
corrosion products is greater than 1 pm, this can be studied in three-dimensions, across the 
surface and in depth profile through the thickness of the corrosion coating using a polished 
metallographic cross-section.
For characterizing iron oxides and studying intact corrosion products, Raman 
spectrometry, using a Renishaw 1000 Ramanscope, consisting of a 25-mW helium-neon laser 
(X = 633 nm) for excitation, a 1800 lines/mm grating, a Peltier-cooled CCD detector, and 
optical filters, was used. Different laser power was provided by use of a built-in neutral 
density filter. Calibration of the spectrometer was checked before and after analysis against 
the 521 cm*1 peak of a polished silicon wafer. Raman spectra were recorded for 1 second
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with a fixed grating over a range of 200 to 800 cm’1 which corresponded to most of the 
Raman peaks of the iron oxides.
For characterizing the separate iron oxides, Raman spectra were preliminarily 
recorded without covering by a thin film of distilled water. The laser power was adjusted to 
prevent the phase transformation of the iron oxides. The Raman spectra of the iron oxides 
often consisted of weak intensity peaks when the low laser power was used. In order for the 
peaks to appear more intense in the Raman spectra, the laser power had to be increased. In 
order to prevent the phase transformation of iron oxides due to the heat of the high power 
of laser, Raman spectra were again recorded after covering with a thin film of distilled water. 
The spot size of the focused laser beam was 5pm. The Raman spectra o f the iron oxides 
produced using the high laser power were compared to the Raman spectra provided from the 
preliminary analysis, i.e. no distilled water film. By the comparison o f the strong peaks 
appearing between the Raman spectra, the positions of the peaks were found to be identical 
to each other. Therefore, Raman spectra of iron oxides were recorded by the high laser 
power while preventing the transformation of the iron oxides. The peak positions were 
initially determined by a computer program for peak search provided by Renishaw, and the 
peak positions were averaged from the Raman spectra recorded from several locations on 
the iron oxide sample.
Secondly, the corrosion products formed on the steel substrate were prepared for 
analysis by shearing cross sections of the steel and mounting them in two-part, room 
temperature-curing epoxy. The surface of the metallographic cross-section mount was then 
ground repeatedly with successively finer silicon carbide paper to 3 pm grit, and then polished 
with diamond paste and dipropylene glycol to 0.25pm. Raman spectra were recorded using 
SOX and 20X objectives on the microscope. In order to maximize the Raman signal without 
covering the iron oxides with a thin film of distilled water, the full laser power, 25 mW, was 
used, but the beam was sometimes defocused to prevent the transformation due to the laser 
heat.
All Raman spectra recorded from the corrosion products were finally fitted to a set 
of peaks using a Gaussian function by means of commercial computer software [56], The 
peak positions in the Raman spectra were compared with those measured from the standard
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
patterns of the iron oxides [57].
2.3 X-ray diffraction
Beginning with the pioneering experiments conducted in 1913 and 1914, powder x- 
ray diffraction has been an important tool for studying minerals. What is observed in x-ray 
diffraction is the interaction of the electromagnetic radiation, x-rays, with the atoms present 
in the crystal. When x-rays pass through a crystal, each atom present in the crystal structure 
scatters the electromagnetic waves in all directions, and all these scattered waves lead to 
interference phenomenon in space. In most of the directions, the intensities of the scattered 
waves decrease because of destructive interference between electromagnetic waves scattered 
from neighbor parallel planes. Only under the Bragg condition do the scattered waves lead 
to enhanced intensity by constructive interference between electromagnetic waves scattered 
from neighbor parallel planes. Their relationship for constructive interference is described by 
the Bragg equation:
nX = l&w sin0 (2)
where X, 0, d**, and n are the wavelength of the x-rays used, the incident angle (the Bragg 
angle), the distance between adjacent neighbor parallel planes and the order of reflection. 
Using the experimental value of the incident angle, the lattice constant and Miller indices 
(hkl) which describe the orientation of the plane, can be determined from the Bragg equation. 
The x-ray diffraction analysis provides unique features of crystals in terms of the ordered 
arrangement of their atoms and lattice constant. In this research, x-ray diffraction was used 
to characterize the standard iron oxides in order to identify some of these iron oxides in 
corrosion products.
A Philips model APD3720 was used for the iron oxide characterization. The x-ray 
diffraction patterns were recorded using a Cu anode x-ray tube operating at 40kV and 25mA, 
and the wavelength o f the Cu-Kal x-ray being 1.540598 A. The goniometer was calibrated 
using a high purity quartz, Si02, standard. Diffraction peak positions in the x-ray diffraction 
patterns were determined using the peak search program provided by Philips. For
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characterizing iron oxides, approximately two grams of each iron oxide powder was mounted 
in the standard sample holder. All x-ray diffraction patterns of iron oxides were recorded 
between 10° and 120° two-theta with a step size o f 0.02° and a count time of 1 second. The 
computer program, Appleman, provided by Philips, was used for determining the lattice 
parameters o f each iron oxide. The software used a least-squares method for the lattice 
parameter refinement. When the powdered corrosion samples and intact corrosion products 
on the steel substrate were studied by x-ray diffraction, different goniometer scans were used 
in order to increase the resolution in certain angular regions of each x-ray diffraction pattern. 
The x-ray diffraction patterns were compared with the standard patterns reported by 
International Center for Diffraction Data, I.C.D.D., [58], Higher resolution patterns were 
often recorded using goniometer scan steps o f0.005° and a count time of 7 seconds. These 
patterns were recorded in order to determine if some of the iron oxides were present in 
corrosion products in small amounts.
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Section 3 
Iron Oxide Characterization 
by X-ray Diffraction
3.1 Iron oxide preparation
Iron oxides can be defined as compounds produced by the chemical interaction 
between Fe and O and/or OH. Iron oxides are found on steel exposed to the environment. 
They also appear in rocks, soils and sediments in nature [50, 53]. Iron oxides are classified 
into hydrated or nonhydrated compounds. Hydrated iron oxides have water in the structure. 
Hydrated iron oxides consist o f poorly crystalline ferrihydrite (FesHOg ° 4H20) and four 
oxyhydroxides of FeOOH, goethite (a-FeOOH), akaganeite (P-FeOOH), lepidcrocite (y- 
FeOOH) and 6-FeOOH. The crystal structure of the iron oxides is governed by the 
arrangement of the anion, O2' or OH', or by the linkages of octahedra and/or tetrahedra 
formed from a central cation and its nearest neighbors (ligands). The basic structural unit of 
iron oxides is Fe(0)6 or FeO3(0H)3. The oxyhydroxide structures are all based on an 
octahedra surrounded by oxygen with different spatial arrangements of the octahededra, and 
hydrogen bonds between some of the oxygen atoms [50, 52-53, 59],Common nonhydrated 
iron oxides are hematite (a -F e ^ ) , maghemite (y-Fej03), magnetite ( F e ^ )  and wustite 
(FeO). The structural units o f maghemite, magnetite and wustite are octahedra and 
tetrahedra, while the basic structural units of hematite are octahedra [50, 52-53, 59], Many 
iron oxides are listed in Table 1.
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Table 1
The iron oxides.
Oxide Name Formula Oxide Name Formula
Ferrihydrite FejHO, 4H20 6-FeOOH
FeCOH), Wustite FeO
Bemalite Fe(OH)3 Hematite* a - F e ^
Goethite* a-FeOOH P -F eA
Akaganeite* P-FeOOH Maghemite* Y -FeA
Lepidocrocite* y-FeOOH e -F e A
Feroxyhyte* 8’-FeOOH Magnetite* F^O*
* : studied in Sections 3-5.
Research on iron oxides is performed in many fields such as medicine, biology, 
chemistry, geochemistry, soil science, geology, mineralogy, corrosion. In this study, seven 
iron oxides, often found in corrosion products formed on steel under atmospheric 
conditions,were prepared for characterization by Mossbauer spectroscopy, Raman 
spectrometry and x-ray diffraction.
Almost all iron oxides are prepared by a number of synthesis routes. Iron oxides can 
be produced by precipitation of soluble Fe2+ salts with alkali followed by oxidation. Basically, 
the precipitation process involves neutralization of the Fe2+ salts solution to bring the pH into 
a slightly acid to slightly alkaline range followed by oxidation with air. Iron oxides can be 
transformed from other iron oxides by heating. In particular, for precipitation of akaganeite, 
the presence of chloride ions, Cl', in the solution are essential [52].
For characterizing the iron oxides, powders of the four hydroxyoxides, goethite (a- 
FeOOH), akaganeite (P-FeOOH), lepidocrocite (y-FeOOH) and 5-FeOOH, as well as 
maghemite (y-FejOj) were provided by the Toda Kogyo Corporation in Japan [60], and 
hematite (a-FejOj) and magnetite (FejOJ were manufactured by Johnson Matthey, Material 
Technology in U.K. The purity of hematite and magnetite was 99.999% as quoted by the 
manufacturer. In particular, for the superparamagnetism study, two other kinds of maghemite
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powders with the mean size of particles less than 10 nm [60], were provided separately by 
E. De Grave working in the Laboratorium voor Magnetisme in Gent, Belgium and U. 
Schwertmann working in Lechrstuhl fur Bodenkunde, Germany. The mean size of the 
particles in the maghemite powder provided by De Grave was less than lOnm, and was 
decomposed from lepidocrocite, y-FeOOH, upon heating in air [61]. The maghemite powder 
was characterized by Mossbauer spectroscopy and x-ray diffraction. The other maghemite 
powder provided by Schwertmann was characterized by Raman spectrometry.
3.2 Lattice parameters of the iron oxides
X-ray diffraction was used to determine the lattice parameters of seven iron oxides 
after the x-ray diffraction patterns were recorded between 10° and 120° two-theta. The peaks 
present at high two-theta (65°-120°) angles for some of the seven iron oxides were identified. 
This analysis was performed because the characterization of some of iron oxides was 
different from reference to reference, and the peaks present at high two-theta angles were not 
included in the peak patterns of the references. Consequentially, the characterization of the 
iron oxides was improved by including the peaks present at high angles. The lattice 
parameters of the iron oxides were determined by Appleman program, including the peaks 
at high angles. Summary of x-ray diffraction patterns of the iron oxides is shown in Table 2. 
The characterization of the iron oxides was used to identify each iron oxide in the mixed iron 
oxide samples of the corrosion products on the steels.
Goethite (a-FeOOH) : The crystal structure of goethite is orthorhombic [52, 58], 
The x-ray diffraction pattern of goethite is shown in Fig. 4, and the positions of the x-ray 
diffraction peaks are listed in Table 3. When the x-ray diffraction pattern was compared to 
the I.C.D.D. reference pattern, #29-713, several peaks (I/I0<4), 20=35.495°, 39.080°, 
43.275°, 51.506°, 68.457°, 69.824°, that were reported in the reference and predicted by 
Appleman program were not identified from the diffraction pattern due to the small intensity. 
The peak at 20=59.023° in the reference was not identified because of the superposition with 
the high intensity peak at 20=59.158°. The x-ray diffraction pattern of goethite was generally 
in good agreement with the reference pattern. Several strong peaks which were not indexed 
in the reference pattern [58], appeared between 80° and 120°. The lattice parameters were
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Table 2
Summary of x-ray diffraction data of seven iron oxides.
Oxide Goethite Akaganeite Lepidocrocite 5-FeOOH Hematite Maghemite Magnetite
Chemical
Formula
a-FeOOH (J-FeOOH y-FeOOH S-FeOOH oc-Fe,0, Y*Fe,0, Fe,04
Cryrtal
Structure
Ortborbombic Tetragonal Ortborbombic Hexagonal Rhombobedral Cubic or 
Tetragonal
Cubic
I.OO.O.
Number
[58]
29-713
17-536
34-1266 44-1415
8-98
13-87 33-664
24-72
13-534
39-1346
25-1402
24-81
15-615
28-491
26-1136
19-629
11-614
Space Group 
[521
Pban 12/m Cmcm P3ml R3c (cubic)
Fd3m
(tetragonal)
P4j2|2
Fd3m
Formula
units/Unit
Cell [521
4 8 4 2 6 8 8
Lattice
Parameter
(A)
(±0.0001)
[present
research]
a=4.6053
b=9.9407
c-3.0185
a=10.5504
c=3.0234
a= 12.5065 
b=3.8633 
c-3.0622
a=4.9134
c=5.4052
a»5.0293
c-13.7355
(cubic)
e=8.3500
(tetragonal)
a=9J269
c-29.8319
a=8.3856
Molecular
Weight
88.85 88.85 88.85 88.85 159.69 159.69 231.54
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Fig. 4. X-ray diffraction pattern of goethite.
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Table 3
XRD analysis of goethite (errors for two theta and d-spacing = ±0.0001).
Two theta d-spacing I/I<, Miller index
(°) (A) (h k l)
17.8225 4.9727 16.30 0 2 0
21.2925 4.1695 67.50 1 1 0
26.5350 3.3565 9.03 1 2 0
33.3125 2.6874 52.95 1 3 0
34.8300 2.5738 48.28 0 2  1
36.1950 2.4798 38.99 0 4 0
36.7750 2.4420 100.00 1 1 1
40.0750 2.2482 22.04 1 2 1
41.4100 2.1787 28.65 1 4 0
45.1850 2.0051 5.29 1 3 1
47.4075 1.9161 17.07 0 4  1
50.7075 1.7989 16.30 2 1 1
53.3200 1.7168 58.56 2 2  1
54.2600 1.6892 19.06 2 4 0
55.4850 1.6548 7.67 0 6 0
57.5125 1.6012 14.46 23 1
59.1575 1.5605 54.33 1 6 0
61.4000 1.5088 36.68 00  2
63.0725 1.4727 10.80 3 20
64.0500 1.4526 36.11 0 6  1
65.8175 1.4178 11.75 1 1 2
Two theta 
(°)
d-spacing
(A)
I/Io Miller index 
(hkl)
67.0725 1.3943 6.43 3 3 0
69.2025 1.3565 15.92 1 7 0
71.6750 1.3157 19.48 1 3 2
73.4125 1.2887 6.19 0 4 2
75.0400 1.2648 4.27 33  1
76.6200 1.2426 6.91 1 4 2
79.9750 1.1987 5.51 3 4  1
84.2050 1.1489 13.07 4 1 0
86.4750 1.1245 13.41 2 4 2
89.4650 1.0945 2.40 2 8 0
92.4775 1.0666 5.08 2 5 2
93.9925 1.0533 9.31 3 22
97.3300 1.0259 2.26 2 8 1
99.3050 1.0107 14.46 1 9 1
101.4900 0.9948 4.08 0 10 0
103.8325 0.9786 5.08 1 1 3
105.9550 0.9648 2.26 1 23
109.2275 0.9448 2.26 4 6 0
112.6250 0.9258 5.96 I 10 1
116.1175 0.9077 6.19 2 2 3
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determined to be a=4.6053A, b=9.9407A and c=3.0185A (±0.0001), including the peaks at 
high angles, as shown in Table 2.
Akaganeite (P-FeOOH): The crystal structure of akaganeite is tetragonal, and the 
space group is I2/m [52, 58]. The diffraction pattern of akaganeite is shown in Fig. 5 and the 
positions of x-ray diffraction peaks are listed in Table 4. The lattice parameters were 
determined to be a=10.5504A and c=3.0234A (±0.0001), including the peaks at high angles, 
and the Miller indices of each diffraction peak were determined. Many peaks were present 
at angles higher than 65° two-theta. Some of the peaks had high intensity over 40% (=I/I0). 
Thus, akaganeite characterized in the two-theta angle between 10°-120°, included the peaks 
present at the angles higher than 65°. Many small intensity peaks (I/Io < 3 ), 20=52.882°, 
55.085°, 62.277°, 62,482° and 63.798° that were reported in the I.C.D.D. reference, #34- 
1266, and predicted by Appleman program, were not identified [58]. The peaks at 
20=36.145°, 43.768° and 61.642° in the reference were not identified because of the 
superposition with the high intensity peak at 20=3 5.360°, 42.743° and 61.210°. The positions 
of peaks present in the x-ray diffraction pattern generally agreed with those in the reference 
pattern reported between 10° and 65° two-theta.
Lepidocrocite (y-FeOOH) : The crystal structure of lepidocrocite is orthorhombic, 
and the space group is Cmcm [52, 58], The lattice parameters were determined to be 
a=12.5065A, b=3.8633A and c=3.0622A (±0.0001), as listed in Table 2. The x-ray diffraction 
pattern is shown in Fig. 6, and the positions of diffraction peaks are listed in Table 5. When 
the positions of diffraction peaks were compared to those appearing in the I.C.D.D. reference 
pattern, #44-1415, the small peaks (I/Io<10), 20=62.207°, 64.909°, 65.733°, 81.112°,
81.386° and 81.6710 that were reported in the reference and predicted by Appleman program 
were not identified. The peaks at 20=43.340°, 46.775°, 49.583°, 74.877°and 79.525° in the 
reference were not identified because of the superposition with the high intensity peak at 
20=43.508°, 46.938°, 49.278°, 75.155° and 79.675°.
6-FeOOH : The crystal structure is hexagonal, and the space group is P3ml [52, 58], 
Appleman program chose only the four high intensity peaks, Table 6, in order to determine 
the characteristics of 6-FeOOH. The locations of the other small intensity peaks were very 
different from their positions theoretically predicted by Appleman program. Therefore, it can
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Table 4
XRD analysis of akaganeite (errors for two theta and d-spacing = ±0.0001).
Two theta d-spacing I/To Miller index Two theta d-spacing I/Io Miller index
<°) (A) (h k l )  (°) (A) (h k l)
12.2700 7.2593 34.23 1 10 75.0225 1.2650 25.34 73 1
16.7350 5.2934 17.22 2 0 0 77.9650 1.2245 7.78 7 5 0
23.2625 3.8207 46.28 2 2 0 79.7475 1.2015 44.44 7 4  1
26.6100 3.3472 89.41 3 10 82.1725 1.1721 10.22 9 0 0
33.9275 2.6401 85.59 4 0 0 84.4975 1.1457 8.56 6 0 2
35.3600 2.5364 100.00 2 1 1 89.8900 1.0904 44.44 6 3 2
38.5200 2.3353 50.05 4 2 0 90.7500 1.0823 40.89 9 1 1
39.3250 2.2893 41.77 30  1 94.0900 1.0525 45.36 6 4 2
42.7425 2.1138 47.21 3 2 1 96.9475 1.0289 28.15 9 5 0
46.3975 1.9555 29.62 4 1 1 99.4075 1.0100 17.79 10 3 0
48.7375 1.8669 22.03 4 4 0 102.8250 0.9855 4.74 2 1 3
50.4325 1.8081 10.66 53 0 108.7575 0.9476 15.04 10 5 0
53.3825 1.7149 43.54 5 1 1 109.8800 0.9411 21.40 4 0 3
56.3625 1.6361 41.77 52  1 111.6150 0.9313 24.66 10 4 1
61.2100 1.5130 48.15 0 0 2 113.2775 0.9223 40.89 9 1 2
64.1900 1.4498 35.03 54 1 114.8375 0.9142 25.34 110 1
67.9850 1.3778 23.33 3 1 2 118.4500 0.8965 39.17 5 2 3
71.9200 1.3118 15.57 4 0 2 119.8875 0.8900 29.62 88 1
72.9650 1.2955 40.02 3 3 2
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Fig. 6. X-ray diffraction pattern of lepidocrocite.
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Table 5
XRD analysis of lepidocrocite (errors for two theta and d-spacing -  ±0.0001).
Two theta 
(°)
d-spacing
(A)
I/Io Miller index 
(hkl)
Two theta 
(°)
d-spacing
(A)
I/Io Miller index 
(hkl)
14.2275 6.2201 64.37 2 0 0 75.1550 1.2661 5.96 2 3 0
27.1250 3.2848 63.13 2 10 78.6250 1.2158 8.23 8 2 0
30.0800 2.9685 3.91 1 0 1 79.6750 1.2051 15.33 0 2 2
36.4125 2.4654 100.00 3 0  1 80.7400 1.1892 10.85 10 10
38.1750 2.3556 22.00 1 1 1 89.4550 1.0966 4.71 8 0 2
43.5075 2.0784 11.11 3 1 1 90.2500 1.0870 7.79 11 1 0
46.9375 1.9342 76.05 0 2 0 91.7450 1.0732 3.76 53 1
49.2775 1.8477 8.91 2 2 0 95.4500 1.0411 11.63 6 2 2
52.8625 1.7305 27.79 5 1 1 102.0250 0.9910 7.57 3 0 3
56.7550 1.6257 2.17 1 2 1 103.6650 0.9798 10.85 11 20
59.1625 1.5604 12.72 8 0 0 105.1850 0.9697 10.60 4 0 3
60.2925 1.5421 26.98 0 0 2 107.0225 0.9581 10.60 3 3 2
60.6850 1.5248 44.96 3 2 1 107.8025 0.9533 6.95 2 4 0
62.8725 1.4769 15.02 2 0 2 109.8675 0.9411 6.15 4 1 3
64.0375 1.4351 14.72 8 1 0 111.3375 0.9328 10.60 11 2 1
67.3425 1.3930 13.56 2 1 2 114.1025 0.9179 3.76 5 1 3
68.4350 1.3733 24.61 52  1 115.4600 0.9110 7.15 2 4  1
72.9275 1.2993 4.88 4 1 2 117.3325 0.9018 7.79 0 2 3
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Fig. 7. X-ray diffraction pattern of 5-FeOOH.
Table 6
XRD analysis of 6-FeOOH (errors for two theta and d-spacing = ±0.0001).
Two theta d-spacing Wo Miller index Two theta d-spacing Wo Miller index
(°) (A) (hkl) O (A) (hkl)
35.1325 2.5381 61.51 1 0 0 54.1525 1.6923 100 1 0 2
40.6675 2.2168 48.91 0 0 2 63.4575 1.4647 40.19 1 1 0
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be said that the small peaks may have been caused by the impurities. Using the positions of
o
the four high intensity peaks, the lattice parameters were determined to be a=4.9134A and 
c=5.4052A (±0.0001), as listed in Table 2. The x-ray diffraction pattern is shown in Fig. 7. 
When the peaks in the x-ray diffraction pattern were compared to those in the I.C.D.D. 
reference pattern, #13-87, the two generally agreed with each other.
Hematite (a-FejOj): The crystal structure of this iron oxide is rhombohedral, and 
the space group is R3c [52, 58]. The x-ray diffraction pattern of hematite consisted of many 
diffracted peaks, as shown in Fig. 8. The lattice parameters were a=5.0293A and c=l 3.73 55A 
(±0.0001). The x-ray diffraction pattern was in excellent agreement with the I.C.D.D. 
reference pattern, #33-664. All diffraction peaks are listed in Table 7. However, the small 
peaks (I/Io<l), 20=66.026° and 117.753° that were reported in the reference and predicted 
by Appleman program were not identified. The peaks at 20=57.428° and 72.260° in the 
reference were not identified because of the superimposition with the high intensity peak at 
20=57.758° and 72.100°.
Magnetic maghemite (y-Fe203(m)) : Magnetic maghemite was analyzed by 
tetragonal (a=b*c, a=P=y=90°) and cubic (a=b=c, a=P=y=90°) structure [52,58], Ordering 
of vacancies of iron atoms in all available iron sites changes the symmetry of maghemite from 
cubic to tetragonal [53], In tetragonal structure, the space group is P432j2, and the lattice 
parameters were determined to be a=9.3269A and c=29.8319A(±0.0001), as listed in Table 
2. The x-ray diffraction pattern of this iron oxide is shown in Fig. 9. The iron oxide was 
characterized by the x-ray diffraction peaks listed in Table 8. When the x-ray diffraction 
pattern was compared to the reference pattern, #25-1402, published by I.C.D.D., all x-ray 
diffraction peaks listed in Table 8 were in excellent agreement. The most intense peak was 
located at the same position reported in the reference pattern, but the small peaks (I/I„<2), 
at 20=11.177°, 16.619°, 20.687°, 27.95° and 48.240° that were reported in the reference and 
predicted by Appleman program were not identified. In cubic structure, the lattice 
parameters were determined to be a=8.3403A (±0.0001). The positions, Miller indices, d- 
spacings of the peaks are shown in Table 9 and Fig. 10. The XRD pattem,#39-1346, 
published by I.C.D.D., was characterized by forty one peaks in the full range of two-theta 
angle. Most of the peaks in the reference pattern had very small intensity (I/Io<5), and some
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Table 7
XRD analysis o f hematite (errors for two theta and d-spacing = ±0.0001).
Two theta
O
d-spacing
(A)
I/Io Miller index 
(hkl)
Two theta
(°)
d-spacing
(A)
I/Io Miller index 
(hkl)
24.3025 3.6595 24.78 0 12 80.8450 1.1880 8.76 1 2 8
33.3325 2.6859 100 1 0 4 83.1000 1.1614 9.16 0 2 10
35.7925 2.5067 73.74 1 1 0 85.0800 1.1393 15.22 1 3 4
39.4600 2.2818 2.06 0 0 6 88.7025 1.1019 14.02 2 2 6
40.0250 2.1983 25.22 1 1 3 91.4600 1.0758 1.31 0 4 2
43.7250 2.0686 2.19 2 0 2 93.8400 1.0546 16.11 2 1 10
49.6275 1.8355 45.25 0 2 4 95.3925 1.0415 1.06 1 1 12
54.2175 1.6904 61.58 1 1 6 95.8200 1.0380 5.23 4 0 4
56.3725 1.6308 0.51 2 1 1 102.4325 0.9882 6.19 3 1 8
57.7575 1.5950 13.69 0 1 8 105.0375 0.9707 1.31 2 2 9
62.5850 1.4830 44.34 2 1 4 106.7575 0.9598 15.93 3 2 4
64.1550 1.4505 45.25 3 0 0 107.1350 0.9574 13.69 0 1 14
69.7525 1.3471 4.83 2 0 8 108.2250 0.9508 12.71 4 1 0
72.1000 1.3089 17.39 1 0 10 111.6375 0.9311 1.75 4 1 3
75.6100 1.2567 11.01 2 2 0 113.7250 0.9199 3.63 0 4 8
77.9150 1.2251 5.44 3 0 6 116.1475 0.9076 15.40 1 3 10
78.9250 1.2120 2.06 2 2 3 118.7825 0.8950 8.50 2 0 14
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Fig. 9. X-ray diffraction pattern of magnetic maghemite in the tetragonal structure.
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Table 8
XRD analysis of magnetic maghemite in the tetragonal structure (errors for two theta and d- 
spacing = ±0.0001).
Two theta
(°)
d-spacing
(A)
I/Io Miller index 
(hkl)
Two theta 
(°)
d-spacing
(A)
I/Io Miller index 
(hkl)
15.0825 5.8694 1.98 103 57.3900 1.6043 35.12 1 1 15
18.5375 4.7825 2.05 1 13 59.7450 1.5466 1.59 2 0 15
23.9100 3.7187 3.80 2 0 3 60.7950 1.5223 3.07 2 1 15
26.2550 3.3916 4.51 1 1 6 63.0075 1.4741 54.14 4 0 12
30.3675 2.9410 31.97 2 0 6 71.5425 1.3178 5.39 2 0 18
32.3000 2.5024 1.13 2 1 6 74.5350 1.2721 11.44 3 3 15
33.8650 2.6337 2.74 109 75.6275 1.2564 3.52 6 2 6
35.7500 2.5096 100.0 1 1 9 79.5525 1.2040 3.43 4 4 12
37.3975 2.4027 3.07 2 2 6 87.4250 1.1147 5.98 6 2 12
39.0100 2.3071 0.66 2 0 9 90.3375 1.0862 15.80 3 121
40.5055 2.2252 0.70 3 1 6 95.1800 1.0433 5.16 0 0 24
43.4025 2.0832 18.88 0 0 12 103.1025 0.9836 2.74 2 2 24
50.1350 1.8181 2.19 2 1 12 106.1450 0.9636 9.22 5 1 21
53.8600 1.7008 14.65 2 2 12 111.3100 0.9330 2.27 84  1
55.0725 1.6662 0.93 5 0 0
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Table 9
XRD analysis of magnetic maghemite in the cubic structure (errors for two theta and d- 
spacing = ±0.0001).
Two theta 
(°)
d-spacing
(A)
I/Io Miller index 
(hkl)
Two theta 
(°)
d-spacing
(A)
I/Io Miller index 
(hkl )
15.0825 5.8694 1.98 1 10 57.3900 1.6043 35.12 5 1 1
18.5375 4.7825 2.05 1 1 1 59.7450 1.5466 1.59 5 2 0
23.9100 3.7187 3.80 2 1 0 60.7950 1.5223 3.07 5 2  1
26.2550 3.3916 4.51 2 1 1 63.0075 1.4741 54.14 4 4 0
30.3675 2.9410 31.97 2 2 0 71.5425 1.3178 5.39 6 2 0
32.3000 2.5024 1.13 2 2  1 74.5350 1.2721 11.44 5 3 3
33.8650 2.6337 2.74 3 1 0 75.6275 1.2564 3.52 6 2 2
35.7500 2.5096 100.0 3 1 1 79.5525 1.2040 3.43 4 4 4
37.3975 2.4027 3.07 2 2 2 87.4250 1.1147 5.98 6 4 2
39.0100 2.3071 0.66 3 20 90.3375 1.0862 15.80 7 3  1
40.5055 2.2252 0.70 3 2  1 95.1800 1.0433 5.16 8 0 0
43.4025 2.0832 18.88 4 0 0 103.1025 0.9836 2.74 6 6 0
50.1350 1.8181 2.19 4 2  1 106.1450 0.9636 9.22 7 5  1
53.8600 1.7008 14.65 4 2 2 111.3100 0.9330 2.27 8 4 0
55.0725 1.6662 0.93 4 3 0
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of the small intensity peaks (I/Io<l) predicted by Appleman program were not identified. 
Except for some of the small intensity peaks, the diffraction pattern was in agreement with 
the reference pattern.
Superparamagnetlc maghemite (y-FejC^s)) : The x-ray diffraction pattern of 
superparamagnetic maghemite, «10 ran, is shown in the Fig. 11. Only three weak peaks 
appeared in the peak pattern, and all the Iine-width of all peaks were broad because the 
particle sizes were very small. The peak at 20=20° was produced using scotch tape for 
mounting the sample because the amounts of superparamagnetic maghemite were very 
limited. A peak was present at 20=91°, but it was not clear whether or not it was produced 
by superparamagnetic maghemite because of its weak intensity. The peaks were easily 
matched with the narrow peaks of magnetic maghemite shown in Fig. 10. Other peaks 
present in Fig. 10, except for the three peaks, disappeared in the diffraction pattern for 
superparamagnetic maghemite due to peak broadening caused by small particle size. The 
positions of diffraction pattern peaks are listed in Table 10. The x-ray diffraction pattern for 
superparamagnetic maghemite has been not previously reported in I.C.D.D. The 
characteristic pattern will be used to identify superparamagnetic maghemite present in 
corrosion products.
Magnetite (Fe3<D4) : The crystal structure of magnetite is cubic, and the space group 
is Fd3m [52, 58], The x-ray diffraction pattern is shown in Fig. 12 and the diffraction peaks 
are presented in Table 11. By comparison to the reference peak pattern, #19-629, excellent 
agreement was apparent over all 20 range. All low intensity peaks reported in the reference 
pattern appeared in the diffraction pattern of magnetite. The lattice parameters were 
determined to be a = b = c = 8.3856A (±0.0001) as listed in Table 2 and were close to those 
reported in the reference pattern.
3.3 Conclusion
In this section, the seven iron oxides were characterized using x-ray diffraction. 
However, in order to identify the iron oxides in a mixed oxide sample such as corrosion 
products, the high resolution patterns in the small range of two-theta angle are required. 
Akaganeite has one of its high intensity peaks at 20=56.36° (d=l .6434 A), but the other iron
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Fig. 11. X-ray diffraction pattern of superparamagnetic maghemite.
Table 10
XRD analysis of superparamagnetic maghemite (error for two theta and d-spacing=±0.0001).
Two theta d-spacing I/I„ Miller index Two theta d-spacing I/Io Miller index
(°) (A) (h k 1) (°) (A) (hkl)
35.7775 2.5077 98.39 1 1 9 62.7650 1.4792 32.78 4 0 12
44.1075 2.0515 100 0 0 12
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Fig. 12. X-ray diffraction pattern of magnetite.
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for two theta and d-spacing = ±0.0001).
Two theta d-spacing I/Io Miller index
(°) (A) (hkl)
Table 11
XRD analysis of magnetite (errors
Two theta d-spacing I/Io Miller index
O (A) (hkl)
18.4475 4.8057 5.02 1 1 1
30.2575 2.9515 25.32 2 2 0
35.6150 2.5188 100.00 3 1 1
37.2175 2.4139 6.44 2 2 2
43.2350 2.0909 23.85 4 0 0
53.5725 1.7093 11.44 4 2 2
56.0975 1.6118 38.37 5 1 1
62.6850 1.4809 55.07 4 4 0
65.8800 1.4166 0.87 53 1
71.1000 1.3249 5.02 6 2 0
74.1225 1.2781 11.88 53 3
75.1275 1.2635 5.31 6 2 2
78.0525 1.2233 1.83 4 4 4
86.8825 1.1203 5.91 6 4 2
89.7575 1.0917 19.15 73 1
94.6150 1.0480 8.39 8 0 0
102.3775 0.9886 2.86 6 6 0
105.3375 0.9688 11.30 75  1
106.3750 0.9622 2.79 6 6 2
110.4275 0.9379 4.93 8 4 0
118.8875 0.8945 1.72 6 6 4
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oxides do not have a diffraction peak near this angle. Thus, the peak of akaganeite located 
at 20=56.36° was used to identify the presence of akaganeite in a mixed iron oxide sample.
The diffraction patterns of maghemite and magnetite were very similar, and the lattice 
parameters, 8.3403 A in the cubic structure and 8.3856A, of maghemite and magnetite were 
almost the same. Thus, it is very difficult to identify maghemite and magnetite by x-ray 
diffraction analysis in a mixed iron oxide sample. Identification of maghemite and magnetite 
is possible only by Mossbauer spectroscopy and Raman spectrometry, as will be discussed 
in Sections 4 and 5.
For identifying corrosion products formed on steel, XRD characterization of the iron 
oxides, except for magnetite and maghemite, was used to identify each iron, as will be 
discussed in Sections 6, 7 and 8. In particular, the peak of akaganeite located at 20=56.36° 
was used to identify the presence of akaganeite in the corrosion products. This was important 
because Mossbauer spectroscopy cannot identify akaganeite and lepidocrocite at 300K due 
to their very similar hyperfine parameters.
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Section 4
Iron Oxide Characterization By Mossbauer
Spectroscopy
The research presented in this section shows that pure iron oxides can be uniquely 
characterized by Mossbauer spectroscopy. Although the hyperfine parameters of many of the 
iron oxides have been presented in previous publications [50, 53, 62-78], there is 
inconsistency in the data from paper to paper. It is believed that this was most probably 
caused by impurities in the iron oxides since many of materials reported were naturally 
formed geological minerals [50, 53, 63, 66, 72], Preparation conditions for laboratory 
produced iron oxides can also effect the purity and quality o f the samples. Therefore, it was 
decided that another characterization of pure iron oxides was required to help identify each 
iron oxide in a mixed oxide sample such as corrosion products. In general, characterization 
of pure iron oxide samples which permits accurate identification of the iron oxides and 
determination of the fraction of each in corrosion products formed due to atmospheric 
corrosion, was required.
For characterizing iron oxides, the Mossbauer spectra were recorded at high and low 
Doppler velocities in order to best resolve the wide spectra of the magnetic iron oxides and 
the narrow doublets of the nonmagnetic iron oxides. The Mossbauer spectra were recorded 
at 300K and 77K, in order to identify the iron oxides which are either superparamagnetic at 
300K or which magnetically order between 300K and 77K. Through fitting the Mossbauer
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spectra using the transmission-integral method in order to take into account absorber 
thickness effects and overlap of the absorption lines, the hyperfine parameters of iron oxides 
were determined at 300K and 77K.
One goal of the research discussed in this section was to determine the recoilless 
fraction o f each iron oxide to allow conversion ofMossbauer subspectral area to the relative 
fraction o f each iron oxide in a corrosion coating. The relative fraction of each iron oxide in 
a mixed iron oxide sample, determined from Mossbauer subspectral areas, represents the 
absolute fraction of each iron oxide only if the recoil-free fraction of each iron oxide is the 
same. However, it has been shown that the recoil-free fraction of each iron oxide is different 
from each other [41-42]. Determining the recoil-free fraction of each iron oxide is very 
difficult. In this study, the relative recoilless fraction, which does not require the knowledge 
of the recoil-free fraction of each iron oxide, is introduced for the direct conversion of the 
Mossbauer subspectral area to the atomic fraction of each iron oxide in a mixed iron oxide 
sample. If the entire thickness of the corrosion coating is known, the relative recoilless 
fraction permits the conversion of the Mossbauer subspectral area to the absolute atomic, 
molecular or weight amount of each iron oxide.
4.1 Hyperfine parameters of iron oxides
Goethite, a-FeOOH, is magnetically ordered at 300K. The Mossbauer spectrum, 
shown in Fig. 13, consisted of a broadened sextet at 300K which was analyzed using a 
magnetic field distribution rather than a single magnetic field. The distribution of the 
hyperfine fields indicated that goethite was composed of a distribution of small particles, but 
not small enough to show superparamagnetic behavior at 300K. The absence of 
superparamagnetism due to extremely small particles, <15 nm, was obvious in the spectrum 
because the contribution of a superparamagnetic component (6=0.361±0.005 and 
2e=0.655±0.008 [62-63]) did not appear between the third and the fourth peaks. The fact 
that this spectrum was completely magnetic, suggested that the goethite mean particle size 
was >50 nm [50, 53, 81]. Cabral and Reyes [79] recently reported that large particles, >50 
nm, of goethite always present a well defined magnetic sextet, and goethite within the range 
between 15 nm and 50 nm exhibits a distribution of magnetic fields at 300K. If the mean
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Fig. 13. Transmission Mossbauer spectra of goethite recorded at (a) 300K and (b) 77K.
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Table 12
Mossbauer hyperfine parameters of goethite recorded at 300K and 77K (error= isomer 
shift(8):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
300K 77K
Oxide
Name
Formula S
(mm/s)
2e
(mm/s)
H
(kOe)
Area
(%)
Formula 6 2e 
(mm/s) (mm/s)
H
(IcOe)
Area
(%)
Goethite et-FeOOH 0J5 -0.24 367 11.8 a-FeOOH(A) 0.49 0 3 4 507 18.0
0.35 ■034 356 23.4 a-FeOOH(B) 0.47 -0.24 492 82.0
0.35 ■034 340 15.9
035 ■034 325 9.4
035 ■034 310 7.0
035 ■034 300 4.7
035 ■034 285 6.6
035 ■034 270 4.2
035 -034 255 4.7
035 -034 237 2.6
035 ■034 218 3.7
035 ■034 208 1.9
035 ■034 193 0.9
035 -0.24 178 33
Goethite* o-FeOOH 036 0.66 0 0.48 -0.24 497**
* : The hyperfine parameters are cited from the references previously reported [62-63],
** : Maximum field in a distribution of magnetic fields.
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goethite mean size is less than IS nm, the Mossbauer spectrum for goethite exhibits 
superparamagnetism at 300K [SO, S3, 79]. If the mean goethite mean size is less than 8 nm, 
it was previously reported that superparamagnetic component still exists in the doublet at 
77K [S3], The two small peaks at the outside of the sextet are not clearly identified, but in 
some of the previously published papers on goethite, the small peaks also appear in the 
spectrum [35, 64-65]. The Mossbauer spectrum recorded at 77K showed that as a result of 
the slowing down of the magnetic relaxation at low temperature, the sextet became sharp and 
resembled that of a well defined magnetic structure. In Fig. 13(a), the stick figure on the 
spectrum shows the most probable magnetic field (H=356 kOe). There are two inequivalent 
Fe-sites in the 77K spectrum. Table 12 shows the Mossbauer hyperfine parameters of 
goethite determined at the two temperatures. The Mossbauer hyperfine parameters showed 
an excellent agreement with those previously reported for large particle size goethite [SO, 
53].
Akageneite, (3-FeOOH, is paramagnetic at 300K. The Mossbauer spectrum, Fig. 14 
and 15, was fitted by two doublets which had the same isomer shift of 0.37 mm/s, and 
different quadrupole splittings of 0.96 and 0.56 mm/s, as listed in Table 13. It was reported 
that the two sites seen in the doublet were caused by two different coordinations of Fe3+, 
0 2(OH)j and 0 2(0H)4 [50], The Mossbauer subspectral area fraction of each doublet was 
A:B=0.45:0.55 at 300K. The formation of akaganeite is closely related to the presence of 
chlorine ions [43, 50, 53, 72, 74], Occupancy of chloride ions in the total available chlorine- 
sites that chloride irons are located in akaganeite, influence the area ratio of the two doublets 
[66]. Increasing the area of the doublet with the smaller quadrupole splitting included an 
increase in the occupancy of chloride ions. The area ratio of the doublets suggested that 
chlorine occupied about 75% of the total available chlorine-sites in akaganeite [66]. The Neel 
temperature of akageneite is about 300K, and therefore akaganeite was magnetically ordered 
at 77K [50, 53]. Fig. 15(b) shows that the Mossbauer spectrum consists of a slightly 
broadened six-line pattern, and the stick figures on the spectrum show the most probable 
magnetic field in each site (H=466 and 435 kOe). The Mossbauer hyperfine parameters 
agreed with those reported previously [50, 53, 64],
Lepidocrocite, y-FeOOH, is also paramagnetic at 300K, and once again the
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Fig. 15. Transmission Mossbauer spectra of akaganeite recorded at (a)300Kand (b) 77K.
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Table 13
Mossbauer hyperfine parameters of akaganeite recorded at 300K and 77K (error= isomer 
shift(8):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
300K 77K
Oxide
Name
Fonnula 6
(me/i)
2e H 
(mn/i) (kOe)
Area
(* )
Fonnula 6
(mn/i)
2e
(nun/a)
H
(kOe)
Area
(%)
Akaganeite (J-FeOOH(A) 0J7 0.96 0 43.0 (5-FeOOH(A) 0.51 -0.13 474 9.4
P-FeOOH(B) 0J7 0.36 0 55.0 0.51 -0.15 466 15.1
0J1 -0.15 455 9.6
0.51 -0.15 445 7.6
P-FeOOH(B) 0.51 •0.30 448 9.4
0.51 -0.30 435 11J
0.51 -OJO 415 7.5
0.51 -OJO 405 1.5
0.51 -0.30 390 5.7
0.51 •OJO 370 3.4
0.51 •OJO 345 4.3
0.51 -OJO 320 4.0
0.51 •0.30 293 2.6
0.51 •OJO 254 1.9
0.51 -OJO 221 1.9
0.51 -OJO 199 2.3
0.51 •0J0 160 2.6
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Mdssbauer spectrum consists of two doublets. The Mossbauer subspectral area fraction of 
each doublet was A33=0.43:0.57. Unfortunately, unique identification of each of akaganeite 
and lepidocrocite in a mixed iron oxide sample is impossible at 300K because the quadrupole 
splittings of both akaganeite (2e=0.56, 0.96 mm/s) and lepidocrocite (2e=0.57, 0.94 mm/s) 
are nearly identic and the Mdssbauer subspectral area fraction of each doublet of 
akaganeite (A:B=0.45:0.55) and lepidocrocite (AJ3=0.43:0.57) are nearly the same. 
However the magnetic structure of each phase is quite different with lepidocrocite remaining 
paramagnetic at 77K, as shown in Fig. 16(b). Therefore, recording the high and low 
temperature Mdssbauer spectra of a mixed phase sample allows akaganeite and lepidocrocite 
to be uniquely identified. Mdssbauer hyperfine parameters of lepidocrocite at the two 
different temperatures are listed in Table 14. The Mdssbauer hyperfine parameters agreed 
with those presented in documents previously reported [50, 53, 68].
5-FeOOH is ferrimagnetic below 440K [67]. At 300K, the Mdssbauer spectrum 
shown in Fig. 17(a), consists of a broadened sextet, and a doublet due to 
superparamagnetism. The broadened six-line pattern and superparamagnetic doublet were 
caused by a distribution of the particle size. The means particle size distribution extends to 
smaller particles < 1 5  nm. The fraction of the superparamagnetic component in the 
Mdssbauer spectrum was 15.4% at300K. At 77K, there are two inequivalent Fe-sites having 
octahedral, A, and tetrahedral, B, coordination, and giving rise to different magnetic fields 
[53]. The superparamagnetic component was not present because both of the two different
Table 14
Mdssbauer hyperfine parameters of lepidocrocite recorded at 300K and 77K (error= isomer 
shift(6):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
300K 77K
Oxide Name Fonnula 6
(mm/s)
2c H 
(mm/s) (kOe)
Area
(%)
Fonnula 6
(mm/s)
2e
(mm/s)
H
(kOe)
Area
(%)
Lepidocrocite Y-FeOOH
(A)
0.37 0.94 0 43.0 Y-FeOOH
(A)
0.51 0.92 0 43.0
Y-FeOOH
(B)
0.37 0.57 0 37.0 Y-FeOOH
(B)
0.51 0.56 0 57.0
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Fig. 16. Transmission Mossbauer spectra of lepidocrocite recorded 
at (a) 300K and (b) 77K.
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Fig. 17. Transmission Mossbauer spectra of 8-FeOOH recorded at (a) 300K and (b) 77K.
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Fe-sites were analyzed using magnetic field distributions, as shown in Fig. 17(b). The stick 
figures on the spectrum show the most probable magnetic field in each site (H=533 and 489 
kOe). The ratio ofMdssbauer subspectral areas between octahedral and tetrahedral sites was 
A:B=0.55:0.45. The Mossbauer hyperfine parameters for fitting Mossbauer spectra of 5- 
FeOOH recorded at 300K and 77K are listed in Table 15. The hyperfine parameters showed 
good agreement with those previously reported [60].
Hematite, a -F ^03, is antiferromagnetic at both 300K and 77K [50,53], Iron resides 
in only one crystalline site and the Mossbauer spectra consist of one sextet at both 
temperatures, as shown in Fig. 18(a-b). The 300K and 77K Mdssbauer spectra show that a 
small quadrupole interaction perturbs the symmetries of the sextets. The value of the 
quadrupole splitting obtained was 2e=-0.20 at 300K, but 2e=0.38 at 77K because a spin 
reorientation to antiferromagnetic hematite from weakly ferromagnetic hematite takes place 
below the Morin temperature, which is about 260K [50, 53, 69-71]. The Mdssbauer 
hyperfine parameters o f hematite at 300K and 77K are given in Table 16. The Mdssbauer 
hyperfine parameters showed an excellent agreement with literature values [50, 53],
Table 15
Mdssbauer hyperfine parameters of 6-FeOOH recorded at 300K and 77K (error= isomer 
shift(5):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
300K 77K
Formula fi
(mm/s)
2e
(mm/s)
H
(kOe)
Area
(%)
Formula 8
(mm/s)
2e
(mm/s)
H
(kOe)
Area
(%)
6-FeOOH 0 36 0.10 431 17.9 6-FeOOH(A) 0.51 0.12 533 20.5
0 36 0.10 436 15.7 0.51 0.12 515 19.8
036 0.10 407 14.4 0.51 0.12 301 14.4
0 3 6 0.10 380 5 3 6-FeOOH(B) 0.48 -0.24 498 6.5
036 0.10 330 7.5 0.48 •0.24 489 18.5
036 0.10 263 8.8 0.48 •0.24 472 10.2
036 0.10 223 6.2 0.48 -0.24 455 6.1
036 0.10 190 8.8 0.48 -0.24 425 4.0
036 1.62 0 15.4
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Fig. 18. Transmission Mossbauer spectra of hematite recorded at (a) 300K and (b) 77K.
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Magnetic maghemite, Y-Fez0 3(m), is ferrimagnetic at both 300K and 77K [50, 53]. 
The magnetic maghemite contains iron atoms in the two crystallographicaUy inequivalent 
tetrahedral, A, and octahedral, B, sites [50,53]. At 300K, the quadrupole splittings of two 
inequivalent sites were not present, the magnetic fields of the two sites were 503 and 491 
kOe. The fraction between two Mossbauer subspectral areas was A:B=0.32:0.68. Fig. 19(a- 
b) shows both Mossbauer spectra recorded at 300K and 77K. The 77K Mossbauer spectrum 
was analyzed by two sextets. The Mossbauer hyperfine parameters for fitting the Mossbauer 
spectra of magnetic maghemite recorded at 300K and 77K are listed in Table 17.
Superparamagnetic maghemite, y-FejC^s), exhibited superparamagnetism in the 
Mossbauer spectrum recorded at 300K. The feet that the particle sizes of superparamagnetic 
maghemite were small, <10 nm, was confirmed by x-ray diffraction analysis, as discussed in 
Section 3. The Mossbauer spectrum consisted of two doublets due to the two 
crystallographicaUy inequivalent tetrahedral, A, and octahedral, B, sites, as shown in Fig. 20 
and 21(a), with two different quadrupole spUttings of 0.94 and 0.72 mm/s, as listed in Table 
18. The ratio of Mossbauer area between tetrahedral and octahedral sites was 0.34:0.66.The 
superparamagnetic doublet transformed into a magnetic sextet at 77K because the relaxation 
slows down at low temperature. The Mossbauer spectrum recorded at 77K, showed only a 
broadened sextet due to the distribution of the particle sizes, as seen in Fig. 21(b). The 
Mossbauer hyperfine parameters, Table 18, agreed with those previously reported [67], The 
reason why the quadrupole splittings at 300K and 77K were different, is not clear. The 
reference [67] also reported that the quadrupole spUttings of the superparamagnetic
Table 16
Mossbauer hyperfine parameters of hematite recorded at 300K and 77K (error= isomer 
shift(5):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
300K 77K
Oxide Formula 6 2c H Area Formula 6 2c H Area
Name (mm/s) (mm/s) (kOe) (%) (mm/s) (mm/s) (kOe) (V.)
Hematite a-Fe,0, 0.37 -0.20 311 100 a-Fe,0, 0.48 0.38 543 100
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Fig. 19. Transmission Mossbauer spectra of magnetic maghemite recorded
at (a) 300K and (b) 77K.
Table 17
Mossbauer hyperfine parameters of maghemite recorded at 300K and 77K (error= isomer 
shift(6):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
300K 77K
Oxide Name Formula ft
(mm/s)
2c
(mm/s)
H
(kOe)
Ana
TO
Formula ft
(mm/s)
2c
(mm/s)
H
(kOe)
Ana
TO
Maghemite Y-FeA(A) 030 0 503 316 Y-Fe,0/A) 048 0 529 31 0
T-Fe,0,<B) 0J3 0 491 6*4 y-Fe,0/B) 043 0 512 690
‘ (b) T-77 K
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
1.01
1.00
0.99
0
c
0
I  0.98
0
>
1 0.97 
0
cc
0.96
• •
0.95
0.94
■2
Relative Velocity (mm/s)
Fig. 20. Transmission Mossbauer spectrum of superparamagnetic maghemite recorded at 
300K. The room temperature plot is two doublets.
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Fig. 21. Transmission Mossbauer spectra of superparamagnetic maghemite recorded at (a) 
300K and (b) 77K. At 77K, the stick line on the spectrum shows the most strongest
magnetic field (H=503 kOe).
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Table 18
Mossbauer hyperfine parameters of superparamagnetic maghemite recorded at 300K and 
77K (error= isomer shtft(8):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
Oxide Name Fonnula
30QK 77K
8
(na& )
2c H 
(mm/s) (kOe)
Area
(*)
Formula 6
(mm/s)
2c
(mm/s)
H
(kOe)
Area
(%)
Magnetite Y-FeA(A) 0 J0 0.94 0 34.2 Y-Fe.0, 0.47 -0.07 320 11.7
(Nano- y-Fe,O^B) 035 0.72 0 63.8 0.47 -0.07 503 18.9
Phase)
0.47 -0.07 486 17.7
0.47 •0.07 467 15.1
0.47 -0.07 448 8.4
0.47 -0.07 435 5.2
0.47 -0.07 415 6.0
0.47 -0.07 405 0.8
0.47 -0.07 390 3.2
0.47 -0.07 370 2.7
0.47 -0.07 345 1_3
0.47 -0.07 320 1.6
0.47 -0.07 293 1.7
0.47 -0.07 254 2.3
0.47 -0.07 221 1.0
0.47 -0.07 199 1.7
0.47 -0.07 160 07
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maghemite were different at 300K and 77K, but the reason for the different quadrupole 
splittings was not explained.
Magnetite, Fe^O^ is ferrimagnetic at both 300K and 77K [SO, S3]. Again, the iron 
is situated in the two crystallographicaUy inequivalent tetrahedral, A, and octahedral, B, sites 
[SO, S3]. The magnetic field is different for each iron site, and the Mossbauer spectrum 
consisted of two superimposed sextets at 300K, as shown in Fig. 22. The ratio ofMdssbauer 
areas between tetrahedral and octahedral sites was0.39:0.61. It was previously reported that, 
below the Verwey transition temperature of 120K, the cubic structure of magnetite is 
distorted, and the Mossbauer spectrum complex, due to collapsing the cubic system of 
magnetite [50,53]. In order to fit the 77K Mossbauer spectrum, four subspectral components 
were used. The Mossbauer spectra recorded at 300K and 77K are shown in Fig. 22(a-b), and 
the Mossbauer hyperfine parameters are listed in Table 19. The Mossbauer hyperfine 
parameters, at 300K, show good agreement with those previously reported [50, 53],
The hyperfine parameters of the seven iron oxides determined in this study generally 
showed a good agreement with those found in the literature previously reported [50, 52-53, 
64, 67-68]. It was seen by comparing the Mossbauer spectra of the seven iron oxides that 
investigations at room temperature allow the unique identification of goethite, 8-FeOOH, 
hematite, maghemite and magnetite, but not for akaganeite and lepidocrocite. If the particle 
size of maghemite is extremely small, 15 nm, maghemite is characterized by the doublet at 
300K caused due to superparamagnetism. Unfortunately, the doublet separation of 
superparamagnetic maghemite is close to the quadrupole splitting o f akaganeite and 
lepidocrocite. Therefore, identification between superparamagnetic maghemite, akaganeite 
and lepidocrocite is very difficult at 300K. Also, although the characterization of goethite 
exhibiting superparamagnetism due to the extremely small particle size was not included in 
this section, the identification of superparamagnetic goethite is impossible to distinguish from 
akaganeite, lepidocrocite and the superparamagnetic maghemite at 300K because the 
hyperfine parameters of the four iron oxides are almost the same [62-63]. In particular, 
identification between superparamagnetic goethite and maghemite is impossible at 300K 
because the hyperfine parameters are almost the same. At 77K, the magnetic properties of 
akaganeite, lepidocrocite and superparamagnetic maghemite are different from each other.
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Fig. 22. Transmission Mossbauer spectra of magnetite recorded at (a) 300K and (b) 77K.
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Table 19
Mossbauer hyperfine parameters o f magnetite recorded at 300K and 77K (error= isomer 
shift(6):±0.01, quadrupole splitting(2e):±0.02 and magnetic (H):±3).
Oxide Name Formula
300K 77K
a
(mm/s)
2e 
(mmfe)
H
(kOe)
Asa
<K)
Formula 6
(nmA)
2e
(mm/t)
H
(kOe)
Area
(*)
Magnetite Fe,0.(A) 038 •0.02 491 393 Fe,0«(A) 0.47 -0.05 522 20.0
Fe.O.(B) 0.66 0 460 60.7 Fe,O.CBl) 0.11 41.42 499 31.9
Fe,0«(B2) 034 0 513 438
Fe,0.(B3) 137 314 344 S3
Thus, for studying the atmospheric corrosion behavior on steel, the low temperature 
Mossbauer analysis allows the identification of the iron oxides and the determination of the 
fraction of each in the corrosion products. However, due to the small particle size, <15nm, 
of goethite and maghemite, it is very difficult to separately identify them at 77K because the 
Mossbauer spectra for both iron oxides broaden and overlap.
4.2 Relative recoilless fractions of iron oxides
The fraction of each iron oxide present in a mixed iron oxide sample, such as in the 
corrosion products on steel, is generally determined from Mossbauer subspectral areas, 
assuming the recoil-free fraction (f) of each oxide is the same. However, the fractions of the 
oxides present in a mixed iron oxide sample cannot be determined by the fraction of 
Mossbauer subspectral areas because the recoil-free fraction o f each iron oxide has been 
shown to be different [41 ]. In addition, the recoil-free fraction of an iron oxide phase can also 
change as a result of different particle size [41]. Accurately determining the absolute recoil- 
free fraction of iron oxide using the Debye model is very difficult because temperature 
dependence of the Mossbauer subspectral area and the isomer shift are not sensitive to 
changes in the Debye temperature. Thus, a different method for conversion o f Mossbauer 
subspectral areas to the absolute fraction of each oxide in a mixed oxide sample is required, 
without using the Debye model. The relative recoilless fraction which allows the conversion
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of the Mossbauer subspectral area to the atomic fraction of each iron oxide present in a 
mixed iron oxide sample, is introduced in this section.
The relative recoilless fraction, F-value, is defined as the ratio o f recoil-free fractions 
of two different iron oxides, i.e. F = f2t fj. It can be experimentally determined for pairs of 
iron oxides from the Mossbauer subspectral areas of carefully prepared mixtures of the two 
iron oxides while knowing the number of iron atoms in each of the two iron oxides. 
Calculation of the relative recoilless fraction does not require the knowledge of the recoil- 
free fraction of each iron oxide. The relative recoilless fraction permits direct conversion of 
the Mossbauer subspectral area to the relative atomic, molecular or weight fraction. If the 
thickness of the corrosion coating is known, the absolute atomic, molecular and weight 
fraction of each iron oxide can be calculated.
4.2.1 Calculation of relative recoilless fraction
The Debye model leads to an expression for the recoil-free fraction of the form [80-
in which T, M, c, kB, 0D and x are the recoil energy, temperature, the mass of an iron S7Fe 
atom, the speed of light, the Boltzmann constant, the Debye temperature and hco / kBT. From 
equation (3), the recoil-free fraction can be determined by knowing the Debye temperature 
of each iron oxide. There are two common methods to determine the recoil-free fraction by 
Mossbauer spectroscopy. The first method is the one in which the recoil-free fraction is 
determined by the analysis of the temperature dependence of the Mossbauer spectral area 
under the resonance curve [80], The second method is the one in which the recoil-free 
fraction is determined by the analysis of the temperature dependence of the isomer shift.
In general, the Mossbauer spectral area, A, is proportional to the product of the 
number of S7Fe iron atoms and the recoil-free fraction o f the absorber, f, as in the following
85]
(3)
equation:
A = C f (4)
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The constant C is more commonly written as C = k fj n, where k, fj, a0 are a constant, 
the recoil-free fraction of source, the number of 57Fe atoms and the cross-section for 
resonance scattering. It is assumed that the temperature of the source, and therefore, its 
recoil-free fraction, remains constant. Equation (4) can be re-written as:
From equations (3) and (5), the Debye temperature, 0D> of the solid can be determined.
The isomer shift, 8(T), is written as 5(T) = 8, + 6lod(T) where 8, and are the
results from the non-zero mean square velocity cv ^ o fth e  absorbing nuclei [41, 81-85], The 
second-order Doppler shift, 8lod(T), is given by:
temperature which can be evaluated from the analysis of the temperature dependence of the 
Mossbauer subspectral area or the isomer shift. However, both the temperature dependence 
of the Mossbauer subspectral area and the isomer shift are not sensitively changed at different 
Debye temperatures [41, 81]. Therefore, the accurate determination of the Debye 
temperature from analysis of the temperature dependence of the Mossbauer spectral area or 
the isomer
shift is very difficult. There is another difficulty for accurately determining the Debye 
temperature. That is the occurrence of experimental errors in measuring the Mossbauer 
spectral area and the isomer shift. For example, by means of temperature dependence of the 
average isomer shift, da Costa [67] reported that the Debye temperature of AJ-substituted 
maghemite was possibly between 500K and 600K. Therefore, the absolute recoil-free fraction 
of each iron oxide is difficult to accurately determine by the inaccuracy of Debye temperature 
due to the insensitivity of the theory to Debye temperature and experimental error.
d \ n f  _ d  In A 
dT dT (5 )
intrinsic isomer shift and the second-order Doppler shift. The second-order Doppler shift
It can be shown that the recoil-free fraction can be determined from the Debye
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In order to allow accurate conversion of Mossbauer spectral area of each iron oxide 
o the relative fraction of each present in a mixed iron oxide sample, the relative recoilless 
fraction, F-value, is introduced. The relative recoilless fraction is independent of the Debye 
model, and therefore determining the Debye temperatures of the iron oxides is not required. 
Determining the relative recoilless fraction basically starts from the fact that the Mossbauer 
spectral area is proportional to the product of the number of  ^ Fe atoms and the recoil-free 
fraction of the absorber, £ as shown in the equation (4).
When two iron oxides, (a and r), of very accurately known masses are mixed 
together, the ratio of the Mossbauer subspectral areas is:
da. =  fa  ^ a  (7 )
Ar f r Nr
where A, N, and f  are the relative Mossbauer subspectral area, the total number of S7Fe 
atoms and the recoil-free fraction, respectively, of each iron oxide. The ratio of two recoil- 
free fractions, defined as a relative recoilless fraction, is given as:
fa  =  F --d a J fx . ( 8 )
f r  a Ar » a
If each of the relative Mossbauer subspectral areas and the number of 57Fe iron atoms in each 
iron oxide are known, the relative recoilless fraction, F„ can be determined. The total number 
of 57Fe atoms can be calculated from the mass of each iron oxide. However, the iron-sites in 
an iron oxide may not be fully occupied by iron atoms, creating vacancies. An occupancy 
fraction is defined as the ratio of the number of oxide molecules containing iron atoms in 
their iron-sites to the total number of oxide molecules present in the iron oxide. Ideally, the 
occupancy is unity. For the precise calculation of the number of iron atoms in each iron 
oxide, the occupancy fraction of each iron oxide can be determined by wet chemical analysis 
[86], With the occupancy fraction, the conversion into the total number of S7Fe iron atoms 
from the mass is:
a Mn On iVn ArW = _____ 2___2___2___
a MWa { )
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where a, M„ 0„  N„, N„m and MW are the abundance (=0.0217) o f  ^ Fe, the mass of the 
iron oxide used, the occupancy fraction, the Avogadro constant (N„=6.02xl023 mol'1), the 
number of iron atoms per formula unit and the molecular weight of the iron oxide.
Thus, the relative recoilless fraction can be written as:
F  = Aa Hr,m- ( 1 0 )
‘ Ma Ar Oa Na m MWr
Knowing the mass (MJ of each of iron oxide, the relative Mossbauer spectral areas (AJ, the 
occupancy fractions (0;), the number of iron-atoms per formula unit (NL „) and the molecular 
weights (MW;), the relative recoilless fraction can be determined. In order to determine the 
relative recoilless fraction of each iron oxide, a common reference iron oxide can be used, 
the relative recoilless fraction of each can allow conversion o f the Mossbauer subspectral 
areas of each phase to the relative atomic fraction of each in a mixed iron oxide sample.
The Mossbauer subspectral area can again be written in terms of the relative recoilless 
fraction, as in the following equation:
Aa =  K F a f r Na  <“ )
where K and f  are a constant and the recoilless fraction of the reference iron oxide.
By rearranging, the above equation is:
02)
a
Thus, the relative Mossbauer subspectral area divided by the relative recoilless 
fraction is proportional to the product of the number of s7Fe atoms and the recoil-free 
fraction of the reference iron oxide. With canceling, the recoil-free fraction of the reference 
and the constant, K, the relative recoilless fraction allows the conversion of the Mossbauer 
subspectral area to the relative atomic fraction, N;, of each iron oxide present in a mixed iron
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oxide sample, as shown below:
(13)
Also, the relative recoilless fraction when multiplied by the number of iron-atoms per 
formula unit allows direct conversion of the Mossbauer subspectral area to the relative
When the relative recoilless fraction multiplied with the number of ^ Fe atoms in one 
oxide molecule is again divided by the molecular weight, MW;, the Mossbauer subspectral 
area can be also converted to the relative weight fraction, Wb of each iron oxide in a mixed 
iron oxide sample, as shown below:
4.2.2 Experimental Procedure
Powders of goethite (a-FeOOH), akaganeite (P-FeOOH), lepidocrocite (y-FeOOH),
6-FeOOH and maghemite (v -F e ^ )  were obtained from Toda Kogyo Corporation in Japan. 
Both hematite and magnetite (FejOJ with 99.999% purity were manufactured by
Johnson Matthey, Materials Technology in U.K. To determine the relative recoilless fractions 
at 300K and 77K, each iron oxide powder was mixed with hematite in three different ratios 
by mass, as listed in Table 20. Hematite was selected as the reference because its spectrum 
was easily fitted, and significant research data had already been published including f-values 
estimated. The recoil-free fractions of the other iron oxides were determined relative to that 
of hematite. Each mixture of an iron oxide and hematite was accurately made to a mass of
molecular fraction, Mol;, of each iron oxide in a mixed iron oxide sample, as following:
(14)
* *  ,  ( ^  W J  / Nn m = (Aa  MW& l S F a N g J  
Wb 1 Nb,m (4b ^ b *  '  Wb Nb,m.>
(15)
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25 mg. The mixed sample was then mixed uniformly with 50mg of boron nitride.
For the total mixed oxide and boron nitride sample of mass 75mg, only 60mg was 
pressed in order to use only 20mg of the iron oxides. The powder was pressed into a 1 cm 
diameter tablet. Transmission Mdssbauer spectra were recorded at 300K and 77K using a 
45 mCi ^Co in rhodium source maintained at 300K. The spectra were recorded at both 
temperatures without changing the sample geometry or settings on the electronic 
instrumentation for reducing experimental errors. In order to determine the relative 
subspectral areas for each iron oxide phase, the Mossbauer spectra were fitted using two 
different techniques. The Mdssbauer spectra were least-squares curve fitted using the 
transmission integral method in order to take into account absorber thickness effects and the 
overlap of the absorption lines of each spectrum. Then, with the line-width of the 
subspectrum determined from the transmission integral method, the Mdssbauer spectra were 
again fitted for each iron oxide using a Voigt function in the commercial software, Peakfit 
[56], to accurately determine the relative spectral area. After fitting the Mdssbauer spectrum,
Table 20
Masses of mixed iron oxide samples.
Mass (mg) Fraction (%) j Mass (mg) Fraction (%) ; Mass (mg) Fraction (%)
o-FeOOH 17.97 72 j
t
13.08 52 ! 8.53 34
a - F e j O j 7.03 28 11.92 48 16.47 66
P-FeOOH 17.31 69 jI 13.19 53 | 8.53 34
a - F e j O j 7.69 3i i 11.81 47 16.47 66
Y-FeOOH 17.97 72 j 13.08 52 8.53 34
o-FcjOj 7.03 28 11.92 48 16.47 66
6-FeOOH 13.08 52 8.53 34
a - F e j O j 11.92 48 16.47 66
Y-FeA 17.50 70 12.50 50 7.50 30
c c -F e jO j 7.50 30 ! 12.50 50 : 17.50 70
FcjO« 17.49 70
•
11.59 46 8.27 33
a - F e j O j 7.51 30 i 13.41 54 16.73 67
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the subspectral areas of hematite and the iron oxide mixed with it were determined 
respectively. To precisely determine the total number of iron atoms present in each iron 
oxide, the occupancy fraction of the iron atoms in iron-sites was determined by wet chemical 
titration [86], The wet chemical analysis for each iron oxide was repeated three times. The 
occupancy fraction of the iron oxides are shown in Table 21.
4.2.3 Results
Using wet chemical analysis, the occupancy fractions were measured three times for 
each mixture and to an accuracy of ±0.5%. Table 21 shows that the occupancy of all iron 
oxides was close to 100% as expected. The reason why the occupancy fractions of hematite 
and magnetite were over 100% is not clear. But, it is not believed to be caused by 
experimental errors.
Mossbauer spectra of the six iron oxide mixtures recorded at 300K and 77K are 
shown in Fig. 23-28. Using two different fitting techniques, the relative Mossbauer 
subspectral area of each iron oxide in the mixed samples is shown in Table 22. By the ratios 
of relative Mossbauer subspectral areas and the number of iron atoms in each iron oxide 
calculated from mass and occupancy fraction, the relative recoilless fraction, F-value, was 
averaged from three mass ratios for each mixed iron oxide sample. The relative recoilless 
fractions of the iron oxides are presented in Table 23. The mass ratios are shown on the left
Table 21
The occupancy fraction of five iron oxides determined by the wet chemical titration (average 
error from five iron oxides = ±0.5).
Oxide Expected wt% of Fe Measured wt.% of Fe Occupancy Fraction (%)
a-FeOOH 62.9 62.2 98.9
6-FeOOH 62.9 62.4 99.2
a-FejOj 69.9 71.0 101.6
Y-FeA 69.9 69.8 99.8
Fe,04 72.4 73.0 100.8
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Fig. 23. Transmission Mossbauer spectra of three mixtures of 
goethite and hematite recorded at 300K and 77K.
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Fig. 24. Transmission Mossbauer spectra of three mixtures of 
akaganeite and hematite recorded at 300K and 77K.
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Fig. 25. Transmission Mossbauer spectra of three mixtures of 
lepidocrocite and hematite recorded at 300K and 77K.
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Fig. 26. Transmission Mossbauer spectra of two mixtures of 6- 
FeOOH and hematite recorded at 300K and 77K.
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Fig. 27. Transmission Mossbauer spectra of three mixtures of 
maghemite and hematite recorded at 300K and 77K.
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Fig. 28. Transmission Mossbauer spectra of three mixtures of 
magnetite and hematite recorded at 300K and 77K.
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Table 22
The relative Mdssbauer subspectral areas of iron oxide mixtures.
M is  Mflashaucr nibtprrtral area
(mg) Transnisiaa PeikFit
integral method
300K 77K 300K 77K
a-FeOOH 17.97 63.63 64.61 6338 63.51
<x-Fe,0, 7.03 3635 3539 36.02 36.49
a-FeOOH 13.08 43.79 4434 43.98 42.91
a-Fe,0, 11.92 3631 35.66 56.02 57.09
ot-FcOOH 8.53 2632 2633 23.84 24.62
a-Fe,0, 16.47 73.68 73.07 76.16 7538
(J-FeOOH 1731 62.17 63.05 63.78 6434
a-Fe,0, 7.69 37.83 36.95 36.22 35.66
0-FeOOH 13.19 43.04 46.70 43.67 48.87
a-Fe,0, 11.81 5436 5330 5633 51.13
(J-FeOOH 8.33 27.13 28.93 24.85 28.65
a-FejO, 16.47 72.87 71.07 75.15 7135
r-FeOOH 17.97 63.76 64.72 63.60 65.75
a-Fe,0, 7.03 3624 3538 36.40 3435
Y-FeOOH 13.08 4337 44.68 45.71 47.57
a-Fe,0, 11.92 36.03 5532 54.29 52.43
Y-FeOOH 8.33 27.71 28.03 2538 26.51
a-Fe,0, 16.47 7239 71.97 74.62 73.49
M as MOs baner subspectral area
(mg) Transmission 
integral method
PeakFit
300K 77K 300K 77K
&-FeOOH 13.08 27.03 3X93 26.42 33.64
0t-Fe,O, 1132 7237 67.07 73.58 6636
6-FeOOH 833 1435 18.17 1435 18.56
o-FejO, 16.47 85.45 81.83 85.75 81.44
r-Fe.O, 1730 62.66 64.02 62.66 64.02
a-FcjO, 730 3734 35.98 3734 35.98
Y-FCjO, 1230 43.18 42.60 43.18 42.60
a-Fe,0, 1530 56.82 57.40 56.82 57.40
T*Fe,Oj 7.50 23.99 24.28 23.99 24.28
a-Fe,0, 1730 76.01 75.72 76.01 75.72
Fe,0, 17.49 68.52 67.81 67.18 67.96
a-Fe,0, 731 31.48 32.19 3X82 32.04
Fe,04 1139 44.14 4327 44.61 4339
a-Fe,0, 13.41 55.86 56.73 5539 56.61
Fe,04 827 31.52 31.71 30.94 32.09
a-FejO, 16.73 68.48 68.29 69.06 67.91
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Table 23
The relative recoilless fractions of six iron oxides at 300K and 77K (average error = ±0.04). 
The absolute recoil-free fraction of each iron oxide from De Grave are shown in parenthesis.
Oxide Relative recoilless fraction
This Study De Grave and Von Alboom [41] Meisel [42]
300K 77K 300K 77K 77K
cc-FeOOH 0.77 0.80 0.95 (0.80) 0.99 (0.91) 1.05 ±0.15
P-FeOOH 0.81 0.86 1.05 (0.88) 1.02 (0.94) 0.77 ± 0.03
y-FeOOH 0.80 0.82 0.94 (0.79) 0.99 (0.91) 0.86 ± 0.02
6-FeOOH 0.37 0.49
a-FejOj 1.00 1.00 1.00 (0.84) 1.00 (0.92) 1.00
Y-FeA 0.74 0.75 1.15 ±0.07
Fe,04 0.90 0.88 1.06 (0.89) 1.02 (0.94) 0.87 ± 0.04
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end of each Mdssbauer spectrum, and the ratio, A:B, corresponds to the mass ratio of the 
mixed iron oxide and hematite. For determining the relative recoilless fractions of akaganeite 
and lepidocrocite, the occupancy fractions were assumed to be the same as that of goethite 
because no occupancy was measured due to the limited amount of these iron oxides available 
for wet chemical titration. The relative recoilless fractions, 0.37 and 0.49, for 6-FeOOH at 
300K and 77K respectively, were significantly smaller than the other iron oxides, and is 
assumed to be due to the small particle size as discussed previously in Section, 4.1.
4.2.4 Discussion
The relative recoilless fraction of each iron oxide was compared to those previously 
reported by Meisel [42] who also determined the relative recoilless fractions of iron oxides 
at 77K from the Mossbauer subspectral areas of a mixture of two iron oxides. However, 
Meisel did not include the occupancy fractions of each iron oxide, thereby assuming that all 
iron sites were fully occupied. For this work, the relative recoilless fractions of lepidocrocite 
and magnetite were in excellent agreement with those determined by Meisel. The relative 
recoilless fractions of goethite and maghemite, however, were much lower than those 
determined by Meisel, whereas the relative recoilless fraction of akaganeite was higher than 
that determined by Meisel.
The relative recoilless fractions of each iron oxide at 300K and 77K were also 
compared to the relative recoilless fractions calculated using the recoil-free fractions by De 
Grave and Van Alboom [41]. They calculated the recoil-free fractions of the iron oxides 
using the Debye model after measuring the temperature dependence of the isomer shift. T able 
23 shows that the relative recoilless fractions of all iron oxide were lower than those reported 
by De Grave and Van Alboom.
Using the set of relative recoilless fractions measured relative to hematite, a table of 
relative recoilless fractions between the seven iron oxides were calculated and are 
summarized in Table 24. These will be used for converting the Mossbauer subspectral areas 
to the relative atomic, molecular and weight fractions of each iron oxide in the unknown 
mixed iron oxide samples of the corrosion products to be discussed in Sections 6-8.
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4.3 Conclusion
The hyperfine parameters of the iron oxides generally showed a good agreement with 
those found in the literature previously reported. Investigations at 300K allowed the 
identification of goethite, 6-FeOOH, hematite, maghemite and magnetite, but the 
identification of akaganeite, lepidocrocite, and superparamagnetic goethite and maghemite 
in the mixed iron oxide sample such as corrosion products was difficult due to their similar 
quadrupole splitting. Since the magnetic properties of akaganeite, lepidocrocite and 
superparamagnetic maghemite at 77K are different from each other, the low temperature 
Mossbauer analysis allows the identification ofthe iron oxides. However, superparamagnetic 
goethite and maghemite are not able to be separately identified at 77K because the 
Mossbauer spectra for both iron oxides broaden and overlap.
The relative recoilless fraction of each iron oxide was experimentally determined 
relative to hematite at 300K and 77K. Using the relative recoil-free fractions compared to 
that of hematite, the relative recoilless fractions between all pairs o f the seven iron oxides 
were determined. The relative recoilless fractions of lepidocrocite and magnetite agreed with 
those determined by Meisel [42], The relative recoilless fractions of goethite and maghemite, 
however, were much lower than those determined by Meisel [42], whereas the relative 
recoilless fraction of akaganeite was slightly higher than that determined by Meisel [42]. The 
relative recoilless fractions of all iron oxide were lower than those reported by De Grave and 
Von Alboom [41],
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Table 24
The relative recoilless fractions for pairs of iron oxides at 300K and 77K (average error = 
±0.08).
(a) T=300K
Reference Oxide a-FeOOH P-FeOOH y-FeOOH 6-FeOOH a -F eA y-F eA F eA
a-FeOOH 1.00 1.05 1.04 0.48 1.30 0.96 1.16
p-FeOOH 0.95 1.00 0.99 0.46 1.23 0.91 1.11
y-FeOOH 0.96 1.01 1.00 0.46 1.25 0.93 1.12
5-FeOOH 2.08 2.19 2.16 1.00 2.70 2.00 2.44
a -F eA 0.77 0.81 0.80 0.37 1.00 0.74 0.90
y-FejOj 1.04 1.09 1.08 0.50 1.35 1.00 1.22
FeaO< 0.86 0.90 0.89 0.41 1.11 0.82 1.00
(b) T=77K
Reference Oxide a-FeOOH P-FeOOH y-FeOOH 6-FeOOH a-F eA Y-F<A F eA
a-FeOOH 1.00 1.08 1.02 0.61 1.25 0.75 0.88
P-FeOOH 0.93 1.00 0.96 0.57 1.16 0.87 1.02
y-FeOOH 0.98 1.04 1.00 0.60 1.22 0.92 1.08
6-FeOOH 1.63 1.76 1.67 1.00 2.04 1.54 1.79
a-F eA 0.80 0.86 0.82 0.49 1.00 0.75 0.88
Y-FeA 1.33 1.15 1.09 0.65 1.33 1.00 1.17
F e A 1.14 0.98 0.93 0.56 1.13 0.85 1.00
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82
Section 5
Iron Oxide Characterization By Raman
Spectrometry
The same iron oxides which were studied by x-ray diffraction and Mossbauer 
spectroscopy were characterized using Raman spectrometry. Although the Raman 
frequencies of iron oxides have been previously published, the Raman frequencies of each 
were different from paper to paper [49, 87-91], The positions of small intensity peaks in the 
Raman spectrum for each iron oxide were different from each other, while the positions of 
the strong peaks generally agreed with each other [49, 87-91]. Raman spectra o f the iron 
oxides were recorded, and the positions of the peaks in the spectra were determined. In 
particular, some of the weak peaks that were not reported in the literature previously studied 
were identified. The primary wavelength of the He-Ne laser was 632.8 nm. However, a laser- 
induced spike caused by emission, 432 cm'1, from other electronic transition, showed up in 
the Raman spectra recorded for some of the iron oxides. The peak was regarded an impurity 
of the laser beam. When the laser-induced spike was compared to that provided by the 
manufacturer, it was determined that the instrument was accurate within ±5 cm'1 error. 
Therefore, all the peak positions determined in this study were considered to be accurate to 
±5 cm'1. The Raman characterization of the iron oxides was performed in order to identify 
each of the iron oxides in the corrosion products formed on steel. This will be discussed in 
Sections 6, 7 and 8.
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5.1 Experimental Procedure
For characterizing the iron oxides, patterns were initially recorded using a 50X 
microscope objective which focused the laser on a 2pm spot. The laser power was adjusted 
in the range of 0.25 mW to 25 mW by attenuation using a neutral density filter. At 6.25 mW 
laser power, all iron oxide powders were transformed into hematite (a-FejOj) due to the heat 
produced by the laser beam. Although the Raman spectrum of each iron oxide was recorded 
using 2.5 mW laser power, the peak intensities were very weak for several iron oxides. In 
order for the peaks to appear more intense in the Raman spectra, the laser power had to be 
increased. The spot size of the focused laser beam was 5 pm.
To prevent the phase transformation of the iron oxides into hematite due to the high 
laser power, the iron oxide powders were placed in a shallow dish and covered with a thin 
film of distilled water. To avoid contact due to the short distance between the objective of 
microscope and the water film covering the iron oxide samples, a 20X objective was used. 
Raman spectra were recorded two or more times on different particles of each iron oxide. 
Five integrations were accumulated for the Raman spectra with each integration taking three 
seconds. The Raman spectra of the iron oxides were compared to the weak Raman spectra 
provided from the preliminary analysis. By the comparison of the strong peaks appearing 
between the Raman spectra, the positions of peaks were found to be identical to each other, 
thus confirming that no phase transformation of the iron oxides took place. The peak 
positions were determined by the computer program for peak search provided by Renishaw, 
and the peak positions were averaged from several locations on the iron oxide sample.
5.2 Characterization of iron oxides
Goethite, a-FeOOH, contained well resolved peaks in the Raman spectrum, as seen 
in Fig. 29. The positions of Raman peaks are shown in Table 25. They were generally in 
good agreement with the literature values given from references listed in Table 25 [49, ST­
BS], However, one weak peak appearing at 205 cm'1 in this Raman spectrum which was not 
previously reported in the references.
Akaganeite, P-FeOOH, consisted of the several peaks in the Raman spectrum, as 
shown the Raman spectrum in Fig. 30. The signal-noise ratio in the Raman spectrum was
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lower than that in the spectrum for goethite. This fact has already been suggested by 
Mossbauer analysis discussed in Section 4. The Raman pattern consisted o f nine peaks, 
located at 314, 390, 410, 496, 549 and 722 cm'1. Of the Raman peaks, the intensity of the 
peak present at 390 cm'1 was strongest. It is believed that the peak appearing at 648 cm'1 
would not be a peak produced by akaganeite because the line-width of the peak was very 
narrow relative to those of other peaks. The Raman peaks generally agreed with those 
already reported [88-89].
Lepidocrocite, y-FeOOH, was characterized by seven peaks, as shown in Fig. 31. 
The Raman spectrum consisted of relatively sharp peaks due to its high signal-noise ratio. In 
this study, three weak peaks not previously reported were noted at 219, 311 and 349 cm'1 
[49, 90],
S-FeOOH showed broad peaks in the Raman, as shown in Fig. 32. Peaks were 
difficult to identify, but three peaks which were located at 297, 392 and 666 cm'1, are shown 
in the spectrum. The intensity of the peak located at 392 cm'1 was strongest. Other small 
peaks may be present near 278,495 and 588 cm'1, but have been excluded from Table 25 due 
to lack of positive identification. In order to prove that the peaks are characteristic of 5- 
FeOOH, recording the Raman spectrum with better statistics is required. The line-widths of 
the three Raman peaks were broad and their positions were in agreement with those in the 
reference [88]. However, the reference pattern [88] showed that the 8-FeOOH was 
characterized by the five Raman peaks. The broadening of the peaks and the decrease in peak 
intensity suggested that the 5-FeOOH consisted of small particles. This fact has already been 
confirmed by Mossbauer analysis discussed in Section 4.
Hematite, a-F e^ j, showed the sharp peaks in the Raman spectrum, as shown in Fig. 
33. The Raman pattern for hematite consisted of six peaks, which were in excellent 
agreement with the literature values [87,91], The positions of the peaks are shown in Table
25.
Magnetic maghemite, y-Fe^Ojfm), was characterized by sixteen peaks, as shown 
in Fig. 34. In comparison to the spectra given in the literature [87, 89], some peaks which 
were located at 212, 239, 357, 374, 380, 455, 486, 572 and 585 cm’1 were unreported.
Superparamagnetic maghemite, y-Fe^Cs), was characterized by four peaks that
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exhibited broad line-width and low peak intensity due to the small particle size, as shown in 
Fig. 35. It is believed that the broadened Raman peak, at 367 cm'1, corresponded to the peak 
consisting of those at 346, 357, 374 and 380 cm'1 in the spectrum for magnetic maghemite 
shown in Fig. 31, while the broadened Raman peak, at 495 cm'1, corresponded to the peak 
consisting of those at 486 and 509 cm'1. The broadened Raman peaks, at 676 and 711 cm'1 
corresponded to the peak consisting of those at 640, 662, and 722 cm'1 in the spectrum for 
magnetic maghemite shown in Fig. 31. It is believed that each peak for superparamagnetic 
maghemite corresponded to more than one peak for magnetic maghemite, possibly caused 
by the peak broadening and low peak intensity due to the superparamagnetic particles. The 
Raman spectrum for superparamagnetic maghemite has not been found in papers previously 
published. Thus, the Raman spectrum appears to be a useful reference for identification of 
superparamagnetic maghemite.
Magnetite, Fej04, showed only two peaks in the spectrum. These were located at 
532 and 667 cm*1, as shown in Fig. 36. The signal-noise ratio was low because lower laser 
power was used to prevent the phase transformation. The intensity of peak at 667 cm'1 was 
strongest, and the position was in good agreement with the literature values [49, 91]. Other 
small and broad peaks could be present at near 293,376 and 440 cm'1. The two peaks, at 376 
and 440 cm'1, were not included in the literature values given from the references [49, 91],
5.3 Conclusion
In this section, the seven iron oxides were characterized using Raman spectrometry. 
The Raman spectrum of each iron oxide was unique. In particular, although magnetic and 
superparamagnetic maghemite were the same phase of iron oxide, the Raman spectra were 
very different due to the particle size. Generally, the peaks broadened and decreased in 
intensity as the particle size decreased. It was shown that the positions of Raman peaks for 
the iron oxides were generally in good agreement with those appearing in the literature. The 
Raman characteristics of the seven iron oxides will used to identify each iron oxide in 
corrosion products formed on steel because the Raman spectrum of each was different from 
the other.
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Fig. 29. The Raman spectrum of goethite.
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Fig. 30. The Raman spectrum of akaganeite.
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Fig. 31. The Raman spectrum of lepidocrocite.
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Table 25
Raman peak positions for seven iron oxides.
Oxide Name Formula Peak Positions (cm*1, ±5) Published Peak Positions(cm ') Ref
Goethite a-FeOOH 205,247.300.386,418,481.549.683 245.300.390,420.480,550,685 
248,303,397,485,554,680.1002,1120 
245.300.390,485,550.675
87 
49
88
Akaganeite P-FeOOH 314.390.410,481.496,549,608, 
680.722
310,386,497.538,723 
310,385,415,480,535,615,675,725
88
89
Lepidocrocite Y-FeOOH 219.252,311,349,379,528.648 255,380,528.654.1054,1307 
252.380.660
49
90
S-FeOOH 297.392.666 400.655
220,295.385.495.670
89
88
Hematite a -F eA 226.245.292.411.497.612 227.245.293.298.414.501.612 
225.245.295.415.500.615.1320
91
87
Maghemite
(magnetic)
y-FejO, 212.239. 261.265.292,346,357. 
374.380.455.486,509.572.585. 
640.662.722
265.300. 345,395. 515.645.670.715. 
1440
350. 505,660.710. 1425
87
89
Maghemite
(superparamagnetic)
Y-FeA 367.495.676.711
Magnetic F eA 532.667 616.663 
298,319, 418. 550.676, 1322
91
49
bald : strongest peak in spectrum in this study 
underlined : next strongest peak in spectrum in this study 
bold : strong peaks in spectrum in reference
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
Section 6 
Atmospheric Corrosion of Weathering Steels
6.1 Introduction
Weathering steel is a high-strength low-alloy (HSLA) steel with relatively high 
corrosion-resistance. The total amount of alloying elements is less than approximately 5 
wt.%. Weathering steel is used for structures, such as bridges, electric power towers, 
commercial towers, guard rails and in general, structures with extended longevity under low 
maintenance conditions. Protection from environmental corrosion is offered through the 
formation of an adherent, fully covered, protective rust layer. Two commonly used types of 
weathering steel classified by the American Society for Testing and Materials (ASTM) are 
types A242 and A588 [32-33]. They differ predominantly by the amounts of silicon, nickel, 
copper and chromium present as alloying elements. The complete formation of the protective 
layer depends on the environmental conditions in which the steel is exposed, as well as the 
type and fraction of alloying elements. In comparison to carbon steels, which have little or 
no alloying elements, weathering steels may have corrosion rates which are over an order of 
magnitude less, depending on the environmental conditions [34-3 5]. In marine environments, 
it has been shown that unpainted carbon steel plates can corrode ten times faster than 
weathering steel plates [34]. In rural environments the factor drops to about four. 
Weathering steels corrode about twice as fast in a marine environment compared with a rural 
environment.
The longevity of steel in a particular environment is often measured in terms of its 
corrosion rate or weight loss at different exposure times. The data are usually compared with
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metal standards such as carbon steel, zinc, aluminum and copper which have been exposed 
at the same location for the same times. While the corrosion rates are also commonly 
measured as a function of environmental conditions and steel chemistry, the data provide no 
information concerning the types of oxides and chemistry of the corrosion layers which form 
on the steel. However identification of the oxides, as well as the fraction of each in the 
corrosion products, is important if improved steels with lower corrosion rates, (higher 
corrosion resistance), are to be developed. Since the corrosion coating on weathering steel 
is itself the final protection against further corrosion, understanding the makeup of the 
corrosion products and whether specific oxides form or transform under certain 
environmental conditions is important.
Atmospheric corrosion of steel is complicated because it is affected by many factors 
such as temperature, time-of-wetness, wind speed and direction, as well as atmospheric 
contaminants such as chlorides and sulfur dioxides [17-18, 20, 25, 92-93]. The chloride 
contaminants are most commonly due to exposure in a marine environment or in a region 
where de-icing salts are used on roads and bridges. The sulfur dioxides, S02 in general, are 
mainly due to industrial emissions, either in the form of wind-blown pollution or acid-rain. 
The identification and fraction of each oxide in a corrosion product is often different for 
different steels exposed for different times in different environments.
Mossbauer spectroscopy has been commonly used to identify the corrosion products 
formed on weathering steel and has been the subject of many publications [17-18,20,25-26], 
However, correlation of the corrosion product formation with the exposure conditions and 
steel type, has not been attempted to any large degree for steels exposed to the natural 
environment. One of the problems in performing such correlation has been the need to 
expose weathering steel coupons for long periods, say greater than eight years, to produce 
corrosion products which may be considered stable and fully protective of the steel.
Some studies of corrosion products on weathering steel have been performed through 
accelerated laboratory corrosion tests assuming certain corrosive atmospheric conditions. 
Although there are several widely accepted laboratory tests [2-3,11-14,17-18,20-28], none 
have been found to satisfactorily duplicate the composition of the corrosion products 
produced under atmospheric exposure conditions. This has limited the ability to evaluate the
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behavior of the corrosion products on weathering steel exposed in specific environments. 
Studying the corrosion of weathering steel exposed under natural atmospheric conditions is 
therefore important and requires exposure of coupons, having different steel chemistry, for 
long periods of time and in different environments.
Identification of the corrosion products formed on weathering steel under 
atmospheric conditions has been reported using Raman spectrometry on several occasions 
[35, 48, 93-96], These studies discussed the phase identification and impurity of the iron 
oxides present in the corrosion products, but not the relative fraction of each iron oxide in 
the coating. A better understanding of the atmospheric corrosion behavior of weathering 
steel, such as the development and transformation of the iron oxides, can only be determined 
by measuring the relative fraction of each in corrosion products using Mossbauer 
spectroscopy. Then, one must compare the data with the Raman analysis which can 
accurately measure the location of each oxide in the coating. These data can then be 
correlated with the exposure conditions and steel type. The three types of environmental 
conditions, industrial, rural and marine environment, were already discussed in Section one.
The research presented in this section discusses the corrosion behavior of three 
weathering steel coupons exposed at different industrial environments in the United States 
and Japan for times between eleven and twenty-nine years. The studies of the corrosion 
behavior of the weathering steels were performed as a function of exposure time and steel 
chemistry using Mossbauer spectroscopy, Raman spectrometry and x-ray diffraction.
6.2 Sample preparation and analysis
Two coupons of type A588 weathering steel, produced by Bethlehem Steel 
Corporation in the U.S.A., and one coupon of weathering steel, produced by Sumitomo Steel 
Company in Japan, were exposed. The two type A588 coupons, coded A52-21 and A52-20, 
were exposed at Bethlehem’s mountaintop site at Bethlehem, PA, for 11 and 15 years 
respectively. The one type A242 coupon, coded A26-36, was exposed in an industrial area 
at Amagasaki, Japan for 29 years. The alloy compositions of the coupons are given in Table
26.
Bethlehem’s mountaintop site is situated on the south slope of the South Mountain
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Table 26
Composition and exposure conditions of three weathering steel coupons.
coupon
code
ASTM 
steel type
exposure
location
exposure
time(yr.)
steel composition (wt. %)
C Si Mn P S Cu Ni Cr Ti
A52-21 A588 Bethlehem 11 0.14 0.75 1.00 0.009 0.018 035 031 0.57
A52-20 A3 88 Bethlehem 15 0.14 0.75 1.00 0.009 0.018 035 031 0.57
A26-36 Amagasaki 29 0.1 0.5 0.5 0.018 0.014 0.55 0.53 031 0.1
overlooking the steel plant’s coke works which is about 3 km away. This location is regarded 
to be a moderate industrial environment because it is considered to be an acid rain region 
where precipitation has an average pH of about 4.3. The test panels measured 150 x 100 x 
3 mm and were exposed at an angle of 30° from the horizontal, with the skyward surface 
facing south [34-35],
Following exposure, each coupon surface appeared to be completely covered with 
a thick layer of corrosion products with no steel substrate visible. The corrosion layer on 
coupon A26-36 was uniformly black in color and mostly smooth. Pits or undulations, 
measuring 0.5-1 mm in diameter, were observed uniformly across the surface of the 
corrosion coating. The corrosion products formed on coupons A52-21 and A52-20 were 
smooth and uniformly black and brown. Roughness was observed on the surface of each 
corrosion coating. For coupon A52-20, the undulations appeared to be about twice the 
diameter as on coupon A26-36. The size on coupon A52-21 was generally close to those 
on coupon A26-36 although some larger ones were also observed. The thickness of the 
corrosion coatings was estimated by optical microscopy to be approximately 80-120 pm. 
Therefore, since the thicknesses of the corrosion coatings were too large to be completely 
probed by scattering Mossbauer spectroscopy, the corrosion products were removed for 
analysis by transmission Mossbauer spectroscopy.
The study of atmospheric corrosion of the three weathering steels was performed by 
Mossbauer spectroscopy and x-ray diffraction. Scattering Mossbauer spectroscopy (XMS), 
was used to study the surface regions, to depth of 10-15 pm, of the intact corrosion products 
at 300 K. Powdered samples were also prepared for transmission Mossbauer geometry
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(TMS), at 300K and 77K. The corrosion products were removed from a small region of 
about 5 mm x 10 mm from the top surface of each steel substrate. They were scraped off 
using a sharpened and hardened stainless steel bar in order to remove all the oxides down to 
the steel substrate. The corrosion products were removed from pits in the steel using a sharp 
stainless steel probe. After fitting the Mossbauer spectra, identification of each oxide was 
made and the relative atomic, molecular and weight fraction of each was determined from 
the Mossbauer subspectral areas and the relative recoilless fractions, F-values, measured in 
Section 4.
The intact corrosion coatings on the three samples were also studied by x-ray 
diffraction (XRD). Full patterns were recorded between 10° and 120° two-theta for general 
identification of the oxides. High resolution XRD patterns were also recorded in the angular 
range of 50°-60° two-theta, in order to identify whether or not akaganeite was present. 
Raman analysis was performed on each coupon by H.E. Townsend, Bethlehem Steel 
Corporation, Pa. and M. Yamashita, then at Sumitomo Metal Industries, Amagasaki. Their 
results, which have been published recently [95], will be compared in detail with the 
Mossbauer and x-ray data in this section.
6.3 Results
In order to obtain a basic identification of the oxides present in the corrosion 
coatings, x-ray diffraction patterns were recorded for the three coupons in the angular range 
of 10°-120° two-theta. X-ray diffraction analysis was also used to determine if akaganeite (P- 
FeOOH) was present. The diffraction pattern for each corrosion coating was similar to Fig. 
37 showing the patterns of coupons A52-21 and A52-20 in the 10°-65° two-theta range. By 
comparison with the standard patterns of the iron oxides shown in Section 3, goethite (a- 
FeOOH) and lepidocrocite (y-FeOOH) were the two main oxides identified in each coating. 
Diffraction peaks due to the steel substrate in regions where the corrosion coatings were thin, 
are also observed in Fig. 37. Comparison of some of the relative peak intensities with the 
corresponding peaks of the goethite and lepidocrocite powders analyzed in Section 3, 
indicate that as a rough estimate, approximately equal fractions of goethite and lepidocrocite 
were present in each coating.
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Fig. 37. X-ray diffraction patterns of the intact corrosion products formed on weathering 
steel coupons, A52-21 and A52-20, exposed in Bethlehem, U. S. A.
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The high resolution x-ray diffraction patterns recorded for the coatings on the three 
coupons in the angular range of 50°-60° two-theta, are shown in Fig. 38. Inspection for the 
characteristic akaganeite (P-FeOOH) diffraction peak at 56.36°, showed that none of the 
three coatings contained any identifiable amount of the akaganeite phase.
Mossbauer analysis o f the three exposed coupons indicated that the composition of 
the corrosion coating on each was similar, with the main difference being the fraction of each 
iron oxide present. The Mossbauer spectra of the three coupons, recorded in scattering and 
transmission geometry, as well as at temperatures o f300 K and 77 K, are shown in Fig. 39- 
43. They in general show that magnetic and non-magnetic oxides were present in each 
corrosion coating. Included with each spectrum are the stick figures which indicate the 
positions of the absorption lines for each iron oxide identified. Tables 27 and 28 list the 
fractions of magnetic and non-magnetic oxides identified in each spectrum as determined 
using the Mossbauer subspectral areas. It is again mentioned that Mossbauer analysis of 
spectra recorded at 300 K cannot alone identify the oxides responsible for the doublet.
In order to present the general Mossbauer spectral features of each coating, sample 
A52-21, the type A588 weathering steel coupon exposed in Bethlehem PA for 11 years, will 
be discussed in detail. However it should be noted that the analysis presented below is true 
for each of the three coupons with only minor exceptions due to different oxide fractions 
which will be discussed later in this section.
The Mossbauer spectra of coupon A52-21 are shown in Fig. 3 9 and 40 with the latter 
being a vertically expanded plot of the former to show in detail the absorption peaks of the 
magnetic oxides. The scattering Mossbauer spectrum of the intact coating is shown in Fig. 
39(a) and 40(a). Spectral fits to the scattering spectrum identified magnetic oxide phases of 
goethite (a-FeOOH), and maghemite (y-Fe^j) with the former being 17% abundant and the 
latter just 3%. In addition, a small fraction of bcc-iron, 10%, was identified in the spectrum. 
This was attributed to absorption due to the steel substrate in regions where the corrosion 
coating was thinner than about 20 pm. The oxides responsible for the doublet at the center 
of the spectrum were unable to be separately identified at 300K, for reasons summarized in 
Section 4.4. The fit parameters showed that the doublet possibly corresponded to 
lepidocrocite, akaganeite and/or superparamagnetic oxide components of goethite and
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Fig. 38. High-resolution x-ray diffraction patterns of the intact corrosion products formed 
on three weathering steel coupons, showing no akaganeite peak in each pattern.
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Table 27
Summary of the iron oxides present in the corrosion products formed on three weathering 
steel coupons. Listed separately is percentage of subspectral area1, the relative atomic2 
fraction and the steel substrate3 contributed to the total spectrum.
XMS IM S TMS
Coupon Oxide 300K 300K 77K
Rel. percent' Rel. percent' Rel. percent' At. %z
a-FeOOHfm) 16.7±0.7 18J2±0.7 67±1 67±1
a-FeOOH(sl)
a-FeOOH(s2) 80.3 81.8 7 7
A52-2I y-FeOOH 21 21
y-Fe,03(s) 5 5
y-FejOjfm) 3.0
a-Fe 10.13 19.63 203
a-FeOOH(m) 16.3 14.9 71 71
a-FeOOH(sl)
a-FeOOH(s2) 83.7 85.1 8 8
A52-20 y-FeOOH 16 16
y-FejOjfs) 5 5
a-Fe 11.43 22.43 223
a-FeOOH(m) 13.1 15.1 73 73
a-FeOOH(sl)
a-FeOOH(s2) 83.7 84.9 9 9
A26-36 y-FeOOH 13 13
y-Fe,03(s) 5 5
y-Fe-Ojfm) 3.2
a-Fe 15.43 33.93 353
a-FeOOH(m): magnetic goethite (20-30 nm)
a-FeOOH(sl): superparamagnetic goethite (>8 nm) exhibiting magnetic sextet at 77K 
a-FeOOH(s2): superparamagnetic goethite (<8 nm) exhibiting superparamagnetic doublet at 77K 
y-Fe^fs): superparamagnetic maghemite (< lOnm) 
y-Fe^03(m): magnetic maghemite (>50nm)
Table 28
The atomic fraction of each iron oxide for three coupons.
Coupon a-FeOOH
(m)
a-FeOOH
(si)
a-FeOOH
(s2 )
Subtotal a-FeOOH 
(sl+s2 )
Total a-FeOOH 
(m+sl+s2 )
y-FeOOH y-Fe-o,
A52-21 18 49 7 56 74 21 3
A3 2-20 13 36 8 64 79 16 5
A26-36 13 38 9 67 82 13 5
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Fig. 39. Scattering and transmission Mossbauer spectra of the corrosion products formed 
on weathering steel coupon, A52-21, exposed in Bethlehem, PA, U. S. A.
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Fig. 40. Scattering and transmission Mossbauer spectra of the corrosion products 
formed on weathering steel coupon, A52-21, expanded to show 
detail of the magnetic components.
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Fig. 41. Scattering and transmission Mossbauer spectra of the corrosion products formed 
on weathering steel coupon, A52-20, exposed in Bethlehem, PA, U. S. A.
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Fig. 42. Scattering and transmission Mossbauer spectra of the corrosion products 
formed on weathering steel coupon, A52-20, expanded to show 
detail of the magnetic components.
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Fig. 43. Scattering and transmission Mossbauer spectra of the corrosion products formed 
on weathering steel coupon, A26-36, exposed in Amagasaki, Japan.
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maghemite. The spectral fit parameters showed that the doublet comprised about 80% of the 
iron oxides identified in the scattering Mossbauer spectrum.
The fit to the goethite subspectrum showed a small distribution of hyperfine magnetic 
fields, as was observed in the pure goethite sample, Fig. 13, discussed in Section 4.1. 
However the field distribution of the goethite in the corroded sample was slightly different, 
with the most probable field being 310 kOe rather than 356 kOe measured in the pure 
goethite. This reduced field distribution indicated that the mean particle size of goethite in 
the corrosion coating was smaller than in the pure sample. Comparing the fit parameters of 
the goethite with those reported for different particle size pure goethite by Cabral and Reyes 
[79] and as discussed in Section 4, it was estimated that the magnetic goethite in the 
corrosion coating on coupon A52-21 had a mean particle size of about 20-30 nra. It may be 
inferred therefore, that any distribution o f goethite particle size in the coating would result 
in a fraction of those particles with less than 15 nm diameter, and result in a 
superparamagnetic contribution to the doublet at 300 K.
The magnetic maghemite identified in the intact corrosion coating by scattering 
Mossbauer spectroscopy, accounted for only 3% of the entire corrosion products. This 
component is clearly seen in Fig. 40(a). The fit parameters showed the magnetic field to be 
about 500 kOe which corresponded to large-particle-size, > 50 nm, maghemite.
The transmission Mossbauer spectra of the completely removed and powdered 
corrosion coating of coupon A52-21, recorded at 300 K and 77 K, are shown in Fig. 39 (b) 
and (c) respectively. Both spectra contain a component due to bcc-Fe which was attributed 
to particles of iron powder which were mechanically scraped from the steel substrate during 
the process of attempting to completely remove all the corrosion products. The percentage 
of each oxide in the sample, as listed in Tables 27 and 28, was determined after subtracting 
the contribution of the bcc-Fe from the total spectral area. The transmission Mossbauer 
spectrum recorded at 300 K was very similar to that of the scattering spectrum. The 
similarity between the magnetic components in both room temperature spectra can be seen 
in Fig. 40. The Mossbauer fit to the transmission spectrum gave a magnetic field distribution 
identical to that in the scattering spectrum, indicating that goethite, with particle size
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approximately 20-30 nm, was the only magnetic oxide present. This component was labeled 
a-FeOOH(m). Not detected in the transmission spectrum, Fig. 40(b), however, was a 
contribution due to magnetic maghemite which was identified in the scattering Mossbauer 
spectrum of the intact coating. It was concluded that large particle maghemite, >50 nm, 
preferentially formed near the surface of the corrosion coating. Table 27 indicates that 
goethite was the only magnetic oxide identified at 300 K and was present with about the 
same abundance, 18%, as in the scattering spectrum. It was concluded therefore, that large 
particle goethite, a-FeOOH(m) >30 nm, was formed nearly uniformly throughout the 
corrosion coating. Once again, the doublet in the 300 K transmission Mossbauer spectrum 
was the dominating contribution, 82%, to the total oxide coating, as was observed in the 
scattering Mossbauer analysis.
The Mossbauer spectrum recorded at 77 K, Fig. 39(c), revealed the presence of a 
significant increase in the amount of magnetically ordered iron oxides. The broad sextet now 
made up over 70 % of the low temperature spectral area, compared to just 18 % in the 300 
K spectrum.
The additional magnetically ordered component was attributed to several possible 
features. Firstly, the corrosion coating may contain a fraction of very small particle goethite, 
<15 nm, which is superparamagnetic at 300 K but is magnetically ordered at 77K. Secondly, 
the presence of small particle maghemite exhibiting the same superparamagnetic to magnetic 
transition as goethite, is possible. Thirdly, the coating may contain akaganeite which is 
paramagnetic at 300 K but is magnetically ordered at 77 K as was shown in Fig. 15. The 
third option was eliminated using the x-ray diffraction analysis presented at the beginning of 
this section, which confirmed that no akaganeite was present in the three coatings.
The fit to the low temperature Mossbauer spectrum resulted in a magnetic field 
distribution for the sextet which was similar, but broader and asymmetric towards low fields, 
to the one obtained for the 300 K spectrum. The fit parameters to the sextet corresponded 
closely to those for goethite which contained a large distribution in particle size [50, 53], 
The Mossbauer subspectral area of the magnetic component of goethite increased from 18% 
at 300 K to 72% at 77 K. This showed that at least 75% of the goethite was 
superparamagnetic at 300 K, with the additional 54% measured in the magnetic component
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at 77 K, coming from the doublet which comprised 82% of the area of the 300 K spectrum. 
This component, which was superparamagnetic at 300 K and magnetic at 77 K was labeled 
as a-FeOOH(sl). Research data describing the fraction of the superparamagnetic 
components in goethite and hematite as a function of temperature and particle size, has been 
published on several occasions [71, 79], Data published by Cabral and Reyes [79] and Janot 
et al. [71], showed that pure goethite which was superparamagnetic at 300 K and magnetic 
at 77 K must have particle size greater than 8 nm and less than 15 nm. Particles smaller than 
8 nm were still superparamagnetic at 77 K and particles greater than 15 nm were magnetic 
above 77 K. Particles with size between 15 nm and 50 nm have magnetic fields at 300 K 
which are reduced from the maximum value of 356 kOe found for particles larger than 50 
nm.
The Mossbauer parameters for the goethite contained in coupon A52-21, showed that 
at 300 K, 25% o f the goethite, a-FeOOH(m), was magnetic and had a reduced field of 310 
kOe from which the particle size was estimated to be about 20-30 nm. The other 75% of the 
goethite, a-FeOOH(sl), was assumed to have particle size between 8-15 nm. Fig. 44 shows 
the published data of Kundig et al., [97], for the temperature dependence of the 
superparamagnetic fraction for hematite, (a-Fe^j), having a distribution of particle size. The 
figure models to some extent the data obtained from the Mossbauer analysis of the goethite 
in coupon A52-21. It shows a superparamagnetic fraction of 80% at 300 K and a mean 
particle size of about 12 nm. It also shows that at 77 K, about 10% of the sample was still 
superparamagnetic. Using these data, it was estimated that at 77 K, about 7% of the total 
corrosion coating was superparamagnetic goethite whose spectrum was contained in the 
doublet. This fraction of the goethite was assumed to have particle size less than 8 nm and 
was labeled a-FeOOH(s2). The remaining doublet area of 21% in the 77 K spectrum was 
designated as lepidocrocite.
Recent Raman analysis on the three coupons by Yamashita [95], which will be 
discussed in detail later in this section, showed that nano-phase maghemite, <10 nm, was 
detected in very small clusters or islands in the coatings. This feature was also observed by 
Raman spectrometry on most of the other exposed steel coupons analyzed for the research 
presented in Section 7. In fact no maghemite was detected by Raman spectrometry except
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Fig. 44. Percentage of the superparamagnetic component in the Mossbauer spectra of 
nano-phase hematite at different temperatures. The estimated particle-size distribution is
also shown (Kundig et al., 1966) [97].
in the above mentioned clusters which were estimated to occupy no more than 5% of the 
coating. The Raman spectra were always identical to the superparamagnetic maghemite 
spectrum of Fig. 35, and it was therefore assumed that the Mossbauer spectra of this phase 
would be completely superparamagnetic at 300 K and completely magnetic at 77 K, as in the 
Mossbauer spectrum of the pure maghemite shown in Fig. 20. Therefore, for the 72% 
magnetic contribution to the 77 K spectrum, which was originally identified as goethite, 5% 
was designated as maghemite. This resulted in the total goethite fraction in the corrosion 
coating of sample A52-21, being 74%, comprised of 67% magnetic and 7% 
superparamagnetic components at 77 K and 18% magnetic and 56% superparamagnetic 
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in Table 28. For coupon A52-21 the corrosion coating composition was 74% goethite, 21% 
lepidocrocite and 5% maghemite.
The Mossbauer spectra of the other two weathering steel coupons, A52-20 and A26- 
36 exposed for 15 and 29 years respectively, are shown in Fig. 41-43. The spectra were 
nearly identical to those of coupon A52-21 and were analyzed in the manner discussed 
above. The Mossbauer subspectral areas of the magnetic and superparamagnetic components 
as well as the identified oxides, are listed in Table 28. The atomic fraction of each oxide is 
listed in Table 27. Once again the most prominent oxide to form on each coupon was 
goethite, with lepidocrocite making up about 15% of the coating. A small amount of 
magnetic maghemite was identified at 300 K on the surface of coupon A26-36, but not on 
coupon A52-20, Fig. 42. The reason for the presence or absence of magnetic maghemite 
close to the coating surface is unclear but most likely due to local exposure conditions of the 
surface during the exposure period.
6.5 Discussion
The corrosion coatings formed on the three weathering steel coupons consisted of 
the three iron oxides, goethite, lepidocrocite and maghemite. The oxides were observed to 
have a distribution in particle as was established by Mossbauer spectroscopy which measured 
the temperature dependent fractions of the magnetic and superparamagnetic components. 
Maghemite was present in only small amounts estimated to be less than about 5 %. Close to 
the surface of two of the coupons, a small amount of maghemite was present in the form of 
large particles estimated to be greater than 50 nm. Raman analysis on the coupons by 
Yamashita et al. [95], identified islands of small particle maghemite, estimated to be about 
10 nm in size. This was not identified by the Mossbauer analysis since, in small amounts, the 
superparamagnetic phase was unresolved from the other oxide phases. However, the 
Mossbauer and Raman analysis of many more steel coupons, to be presented in Section 7, 
clearly showed the presence of small clusters of superparamagnetic maghemite in most 
coatings.
The goethite in the three coatings contained a large distribution in particle size which 
was separated into the three groups listed in Table 28. Goethite with particle size between
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15-30 nm, a-FeOOH(m), was magnetic at 300 K and 77 K. For particle size between 8-15 
nm, a-FeOOH(sl), the goethite was superparamagnetic at 300 K and magnetic at 77 K, and 
for particles < 8 nm, a-FeOOH(s2), the goethite was superparamagnetic at both 
temperatures. The total fraction of goethite in the corrosion coatings increased slightly with 
increased exposure time. Of more significance was the observation that the fraction of 
superparamagnetic goethite a-FeOOH(sl+s2), also increased with increased exposure time 
while the faction of magnetic goethite, a-FeOOH(m), decreased. The mean particle size of 
the goethite was calculated to be about 12nm and decreased with longer exposure time. The 
fractions of magnetic goethite and lepidocrocite were approximately equal for each coupon, 
in agreement with the estimate made from the x-ray analysis.
The fact that goethite made up about 75% of the corrosion products, and then about 
75% of the goethite had particle size less than about 15 nm, is important in attempting to 
explain the corrosion protection provided to the weathering steel by the adherent coating. 
It has been reported by Townsend [55] that the weight loss of weathering steel remains close 
to zero after about 8-10 years of exposure due to the protective oxide coating. If it is 
assumed that the oxide composition of the corrosion coating is close to stable after 8-10 
years, then nano-sized goethite, <15 nm, is most likely the final stable oxide to form and 
offer protection to the weathering steel. It is concluded that the very small particle size 
possibly reduces the porosity of the corrosion coating, which prevents moisture and air from 
easily reaching the steel surface, thus reducing the corrosion rate.
The reason for the formation of densely packed fine particle goethite became evident 
from a recent series of articles by Misawa et al., [98] and Yamashita et al., [48, 95, 99], 
Electron probe microanalysis on weathering steel coupons A52-20 exposed in the U.S.A. for 
15 years, and A26-36 exposed in Japan for 29 years, was recently reported by Misawa et al., 
[98] and Yamashita et al. [95], It was determined that chromium accumulated in the 
corrosion coatings in high concentrations close to the weathering steel substrate and 
extended towards the surface of the coating by about 50 pm. Scanning electron microscopy, 
(SEM), analysis by Yamashita et al., [48], identified goethite of particle size approximately 
10 nm, close to the steel. Their Raman analysis showed the presence of lepidocrocite and 
goethite near the coating surface in the form of large particles being > 20-30 nm. However,
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as the Raman microprobe sampled closer to the steel surface, the goethite pattern broadened, 
an indication of decreased particle size. Yamashita et al., [99] also analyzed synthetic 
chromium-substituted goethite (a-Fe^CrJOOH by SEM and Raman spectrometry. They 
determined that with increasing fractions of chromium up to x = 22 wt%, the goethite 
particle size decreased from 90 nm for no chromium to 10 nm for greater than 3 wt% 
chromium. The Raman pattern for chromium-free goethite was the same as that shown in 
Fig. 29. However as the chromium fraction increased the Raman peaks broadened and were 
barely observable for chromium concentrations x> 8 wt%. It was concluded that the diffusion 
of chromium from the weathering steel into the goethite in the corrosion coating, promoted 
the formation of small particle size, =10 nm.
The Mossbauer analysis of the three corrosion coatings, identified a significant 
fraction of goethite having particle size <15 nm. Incorporation of the results of Yamashita 
et al.[48], allowed the conclusion to be made that chromium, and possibly other alloying 
elements such as silicon and nickel, promoted the formation o f very small particle size 
goethite which, was able to pack densely, close to the steel substrate, and form a stable 
protective layer which inhibited further corrosion.
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Section 7 
Atmospheric Corrosion of Different Steels in 
Marine, Rural and Industrial Environments
7.1 Introduction
On some steels, iron oxides formed on the surface do not prevent continuous steel 
loss due to further corrosion processes. One example is carbon steel. Some iron oxides 
present in corrosion products formed on weathering steel act as a barrier, a protective layer, 
slowing further corrosion processes down. It was proposed in Section 6 that a protective 
layer, with its densely compacted small iron oxide particles, prevents water and oxygen from 
reaching the steel substrate [48, 93, 95, 100-103]. The complete formation of a protective 
layer decreases the corrosion rate of the weathering steel [34-35]. The type of steel and steel 
chemistry are important for extending the lifetime o f steel structures. When the same steel 
is exposed to different environmental conditions, the characteristic corrosion products vary 
due to the different environmental factors [2-3]. When the same steel is exposed to stable 
environmental conditions, varying exposure times can influence the formation and 
development of the corrosion products. In order to understand the corrosion behavior of 
steel as a function of the type of steel, environmental conditions and exposure time, the 
corrosion products have been studied on many occasions [2-3, 17-18], Although there are 
several techniques for accelerating corrosion under laboratory conditions, none have been 
found to satisfactorily duplicate the composition of the corrosion products produced under 
atmospheric exposure conditions [2-3,17-18]. This limits the ability to evaluate the corrosion 
behavior of steel exposed in specific environments. Therefore, when steel samples are 
exposed under atmospheric conditions, identification of the corrosion products is very
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valuable for a better understanding of corrosion behavior as a function of the type of steel, 
environmental conditions and exposure time. The aim of the present study was to 
characterize corrosion behavior as a function of the type and composition of steel as well as 
environmental conditions, following sixteen years of exposure.
7.2 Sample preparation and analysis
Corrosion products formed on sixteen steel coupons which were supplied by H.E. 
Townsend at Bethlehem Steel Corporation, were investigated in this study. The sixteen 
coupons consisted of four different compositions of weathering steels which were coded as 
A3 5, A45, A50 and A52 by Bethlehem Steel Corporation, one type of copper bearing steel 
coded A38 and one type of plain carbon steel coded A37. Prior to exposure, all of the steels 
were hot rolled to 2.5 mm in thickness and cut into 10x15 cm2 panels [34], The panels were 
shot blasted to remove hot-rolling scale, stamped with identification markings, and degreased 
prior to exposure. Although three coupons A45, A50 and A52 were the same type of 
weathering steel, i.e. A588, they were produced with different amounts of silicon and nickel 
in order to evaluate the effect of the atmospheric corrosion as a function of the contents of 
silicon and nickel in the steel substrate. The compositions of the steel coupons are shown in 
Table 29. Steel coupons were exposed at rural, marine and industrial sites. The industrial site 
was located on the roof of an office building in downtown Bethlehem PA, adjacent to the 
blast furnaces of the BSC steel plant. This location was considered to be a moderate 
industrial environment. The rural site was located at Saylorsburg, PA, in the Pocono 
Mountains about 50km north of Bethlehem. The marine site was located at the LaQue Center 
for Corrosion Technology at Kure Beach, NC, located 250m from the Atlantic Ocean. This 
site was considered to be a moderate marine environment. Atmospheric concentrations of 
chlorides and sulfur dioxides at the three exposure locations in which the sixteen steel 
coupons were exposed are listed in Table 30. Test panels were exposed at 30° from the 
horizontal with the skyward surface facing south. For this study, the corrosion products 
formed on the skyward surface were investigated. The thickness of the entire corrosion 
products formed on the sixteen coupons were generally in the range 60-100 pm as measured 
by Optical microscopy.
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Table 29
Composition of the carbon, copper bearing and weathering steel coupons.
Coupon ASTM 
Steel Type
C
(wL%)
Mn
0 * .* )
P
(wL%)
S
(wt.%)
Si
(wL%)
Ni
(wL%)
Cr
(wt.%)
Cu
(wt.%)
Al
(wt.%)
A35 A242 0.09 0.65 0 .1 1 0.032 039 0 .6 6 032 037
A37 Carbon
Steel
0.18 0.73 0.007 0.017 <0 .0 1 <0 .0 1 0 . 0 2 0.015 <0.005
A38 Cu Bearing 0.04 036 0.006 0.024 <0 .0 1 0 .0 1 0 .0 1 036 <0.005
A45 AS 8 8 0.14 0.97 0 . 0 1 2 0.016 0 .1 2 031 039 036 0.037
ASO AS8 8 0 .1 2 1.06 0.006 0.013 0.77 0 .0 1 039 033 0.038
A52 AS 8 8 0.14 1 .0 0 0.009 0.018 0.7S 031 037 03S 0.052
Table 30
Environmental conditions of the three exposure locations.
Exposure Site Exposure Time Exposure Location Latitude/Longitude Cl'(g/m:.yr.) SO, (gmr.yr.)
Marine 16 years Kure Beach, NC 34N/78W 39“' s 4.1121
Industrial 16 years Bethlehem. PA 41N/75W no data01 9 3 (41
Rural 16 years Saylorsburg. PA 41N/75W no data 6 .2 “ '
(l): Average of chloride values measured for the period 1962 to 1995 as reported by the LaQue 
Center for Corrosion Technology, Kure Beach, NC.
C): Average of S02 values measured for the period 1994 to 1995 as reported by the LaQue Center 
for Corrosion Technology.
0): Not determined.
(4): Average of SO; values measured for the period 1978 to 1982 as reported by the LaQue Center 
for Corrosion Technology.
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After the weathering steel and copper bearing coupons were exposed at the three 
different exposure sites for eight and sixteen years, the corrosion losses of the steel coupons 
were determined by Shastry [34-35,55,96]. Fig. 45 shows Shastry’s data for the marine and 
industrial sites. The corrosion losses of the four coupons exposed at the marine environment 
were higher that those for the industrial environments. In detail, the corrosion loss of the 
coupon, 0.021% Cu, exposed at the marine site was approximately four times greater than 
that for the industrial site, while the corrosion losses of the other coupons at the marine she 
were approximately twice greater than those for the industrial site. For each environment, 
the corrosion loss of the coupon A242 weathering steel was the lowest, whereas the 
corrosion loss of the coupon 0.021% Cu was the highest. Increasing copper content in the 
steel decreased the corrosion loss of steel under both environmental conditions. Comparing 
the corrosion losses between two types of weathering steel the corrosion loss of coupon 
A242 was lower than that for coupon A588 in both environmental conditions.
The study of atmospheric corrosion products on the steel coupons was performed by 
Mossbauer spectroscopy, Raman spectrometry and x-ray diffraction. Powder samples were 
prepared for transmission Mossbauer analysis, at 300K and 77K. The corrosion products 
were scraped from a small region, about 1x2 cm2 on the steel substrate, with the exception 
of coupon A3 7 exposed at the marine site. Coupon A3 7 was almost completely corroded, 
and the sample for Mossbauer analysis was prepared using the corrosion products which 
flaked off the steel substrate. After fitting the Mossbauer spectrum, the Mossbauer area 
fraction of each iron oxide was converted to relative atomic fraction using the relative 
recoilless fractions previously discussed in Section 4.
The intact corrosion coatings formed on the steel coupons were also studied by x-ray 
diffraction and Raman spectrometry. Full x-ray diffraction patterns were recorded for general 
identification of iron oxides between 10° and 120° two-theta. High resolution XRD patterns 
were also recorded in the angular range of 50°-60° in order to identify akaganeite, if present. 
For Raman analysis, the corrosion products formed on the steel substrates were prepared by 
shearing cross-sections and mounting them in two-part, room temperature-curing epoxy. The 
surface of the metallographic cross-section mount was then ground repeatedly with 
successively finer silicon carbide paper to 3 pm grit and then polished with diamond paste and
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Fig. 45. Logarithmic plot of thickness loss due to atmospheric corrosion (a) at the marine 
site and (b) the industrial site as measured by Shastry [34].
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dipropylene glycol to 0.25pm. Raman spectra were recorded using 50X and 20X objectives.
In order to maximize the Raman signal, the full laser power of 25 mW was used, but the 
beam was sometimes defocused to a spot size of 5 pm to prevent phase transformation due 
to the laser heat. Five integrations were accumulated for the Raman spectra with each 
integration probing for one second.
7.3 Results
7.3.1 Analysis using x-ray diffraction
The x-ray diffraction patterns recorded in the angular range of 10°-120° two-theta, 
were used for identifying iron oxides present in the corrosion products formed at the three 
different exposure sites. The x-ray diffraction patterns of the corrosion products on the steel 
coupons had a very similar look independent of the exposure conditions and type of steel, 
except for the diffraction pattern of coupon A3 7 exposed at the marine environment. Fig. 46 
and 47 show the similarity of the diffraction patterns for the coupons exposed at the marine 
and rural sites. By comparison with the standard patterns of the iron oxides, goethite and 
lepidocrocite were the two main oxides identified in each corrosion product. Diffraction 
peaks due to the steel substrate in regions where the corrosion coatings were thin, were also 
observed in Fig. 46. The relative peak intensities with the corresponding peaks of the 
goethite and lepidocrocite powders analyzed in Section 3, were different from coupon to 
coupon. The identification of iron oxides for the steel coupons are recorded in Table 31. Of 
the similar diffraction patterns, the diffraction pattern of coupon A45 exposed at the rural site 
was chosen as a typical diffraction pattern and compared to that for coupon A3 7 exposed at 
the marine site. Fig. 48 shows the diffraction patterns for coupon A45 exposed at the rural 
site and coupon A3 7 exposed at the marine site, in order to compare between the diffraction 
patterns for the both coupons.
In Fig. 46 and 47, the presence of magnetic maghemite and/or magnetite was not 
observed. All the high intensity peaks (I/I0>15) between 10° and 65° were not observed in 
the diffraction patterns. However, maghemite and/or magnetite was identified in the 
corrosion products on coupon A3 7. The different diffraction pattern of the corrosion
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Fig. 46. X-ray diffraction patterns of the intact corrosion products on 
the six coupons exposed at the marine site.
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Fig. 47. X-ray diffraction patterns of the intact corrosion products on the 
four coupons exposed at the rural site.
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Fig. 48. X-ray diffraction of corrosion products : (a) A45 exposed at the 
rural site and (b) A3 7 exposed at the marine site.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
Table 31
Iron oxides in corrosion products formed on sixteen coupons exposed at three different 
exposure sites.
Exposure
Site
Sample
ct-FeOOH
X-ray diffiactiaa 
y-FeOOH y-Fe,0, 0-FeOOH a-FeOOH
Ramin spectrometry 
Y-FeOOH y-Fe,0, Fe^O,
A35 y « yes no no yes yes yes yes
A37 yes yes no no yes yes yes yes
Industrial A38 yes yes DO no yes yes yes yes
Site A45 yes yes no no yes yes yes yes
(Bethlehem) A50 yes yes no no yes yes yes yes
A52 yes yes no no yes yes yes ves
Marine Site A35 yes yes no no yes yes yes no
A37 yes yes yes passible yes yes yes no
(Kure Beach) A38 yes yes no no yes yes yes no
(250m lot) A45 yes yes no no yes yes yes yes
A50 yes yes no no yes yes yes no
A52 yes yes no no yes ves yes no
A35 yes yes no no yes yes yes yes
Rural Site A38 yes yes no no yes yes yes no
(Saylorsburg) A45 yes yes no no yes yes yes yes
A50 ves ves no no ves yes ves ves
products on coupon A3 7 was caused by the presence of maghemite and/or magnetite, as 
shown Fig. 46(b) and 48(b). Goethite and lepidocrocite were identified in the x-ray 
diffraction patterns recorded for the corrosion products present on all the steel coupons.
The high resolution x-ray diffraction patterns of the corrosion products present on 
all the steel coupons recorded in the 50°-60° two-theta range, did not show a high intensity 
peak, at 56.36°, which is characteristic of akaganeite. Fig. 48 shows the absence of 
akaganeite in the corrosion products formed at the marine site. The high resolution x-ray 
diffraction pattern for coupon A45 exposed at the rural environment which showed no 
akaganeite peak, is also shown in Fig. 50. Akaganeite may be present on coupon A37 
exposed at the marine environment, but not clear because the intensity of the akaganeite peak 
is very small. Therefore, the presence of akaganeite in the corrosion products formed on all 
the steel coupons, except for coupon A37 exposed at the marine environment, was 
eliminated.
7.3.2 Analysis using M ossbauer spectroscopy
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Fig. 49. X-ray diffraction patterns of the intact corrosion products 
exposed at the marine site in the range of 50°-60° two-theta, 
in order to show no akaganeite peak.
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Fig. 50. X-ray diffraction of the intact corrosion products : (a) A45 
exposed at the rural site and (b) A3 7 exposed at the marine site in the 
range of 50°-60° two-theta, in order to show no akaganeite peak.
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The 3 OOK transmission Mossbauer spectrum for coupon A45 exposed at Saylorsburg 
is shown in Fig. 51(a). The percent of each oxide in the corrosion products, as listed in 
Tables 32 and 33, was determined after subtracting the contribution of the steel substrate 
from the total spectral area. The contribution of a-Fe present in the Mossbauer spectrum was 
due to the steel powder mechanically scraped from the steel substrate while the corrosion 
products were being removed. The identification of iron oxides in the corrosion products on 
all the coupons, except for coupon A3 7 exposed at the marine environment, was the same 
as follows, and the identification of the corrosion products on coupon A45 exposed at the 
rural site will be discussed in detail. The 3 OOK Mossbauer spectrum of the corrosion 
products was composed of the sextet of magnetic goethite and the doublet of akaganeite, 
lepidocrocite and/or superparamagnetic goethite and maghemite. However, the presence of 
akaganeite was eliminated by the x-ray diffraction analysis, and the absence of akaganeite 
confirmed by the Raman analysis which follows. In Fig. 51, a-FeOOH(m), a-FeOOH(s) and 
y-FejC^Cs) respectively indicate the magnetic and superparamagnetic goethite, and 
superparamagnetic maghemite. The fit to the goethite subspectrum showed a small 
distribution of hyperfine magnetic fields, as discussed in Section four. In order to fit the 
goethite subspectrum in the Mossbauer spectra, the most probable magnetic field was 300 
kOe. The maximum magnetic field was smaller than that for the Mossbauer standard 
spectrum of goethite. The reduced field distribution indicated that the particle sizes of 
goethite were smaller than those of the pure goethite. Comparing the magnetic field with the 
work of Cabral and Reyes [79], a mean particle size of goethite in the corrosion products 
was approximately 20-30 nm. Also, this suggested that superparamagnetic goethite was 
present in the doublet [79], The doublet in the Mossbauer spectrum possibly consisted of 
lepidocrocite, and superparamagnetic goethite and maghemite, but they could be not 
separately identified in the Mossbauer spectrum at 3 OOK. The spectral fit parameters. Table 
32, showed that the doublet comprised 58% of the iron oxides identified in the Mossbauer 
spectrum.
The 77K transmission Mossbauer spectrum was recorded in order to identify the 
lepidocrocite and superparamagnetic goethite and maghemite. The 77K Mossbauer spectrum. 
Fig. 51(b), revealed the presence of a significant increase in the amounts of magnetically
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Fig. 51. Mossbauer spectra o f  corrosion products formed on coupon A45 
exposed at the rural site of Saylorsburg PA.
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Table 32
The relative fractions of iron oxides in corrosion products formed on sixteen coupons 
exposed at the three different exposure sites. Average corrosion rates were determined after 
eleven years of exposure [34].
(a) Comparison of Mossbauer subspectral area of each iron oxide between at 300K and 77K.
Sample Oxide Fraction (reL %: ±2)
Site a-FeOOH
(m)
300K
a-FeOOH(j 1X a-FeOOH(s2). 
Y-FeOOH and v-F e.0 , (*)
T -F eA
(m)
a-FeOOH 
(m + s l )
77K
a-FeOOH
(i2)
Y-FeOOH 7-Fe.O,
A35 28 72 0 72 8 15 5
A37 50 SO 0 76 8 11 5
Industrial A38 51 49 0 77 8 10 5
Site A45 38 62 0 71 8 16 5
(Bethlehem) ASO 24 76 0 69 8 18 5
A52 25 75 0 72 8 15 5
MarmeSite A35 29 71 0 73 8 13 5
A37 33 23 44 53 5 3 39*
(Kure Beach) A38 47 53 0 71 8 16 5
(250m lot) A45 30 70 0 72 8 15 5
ASO 24 76 0 72 8 15 5
A52 24 76 0 73 8 14 5
A3S 34 66 0 67 7 21 5
Rural Site A38 53 47 0 70 8 17 5
(SaylonbwB) A45 42 58 0 68 8 19 5
ASO 32 68 0 67 7 21 5
(b) The fraction of Mossbauer subspectral area of each oxide determined by the 77K 
Mossbauer analysis.
Exposure Sample Oxide Fraction (re! % . ±2) Corrosion
Rate
Site
a-FeOOH
(m)
a-FcOOH
(*D
a-FeOOH
(*2)
Subtotal
a-FeOOH
(H+*2)
Total a-FeOOH 
(nt+*l+*2)
Y-FeOOH Y-Fe,0, (fim/yr.)
A35 28 44 8 52 80 15 5 1.27
A37 45 31 9 40 85 10 S
Industrial A3 8 48 29 9 38 86 9 5 282
Site A45 37 34 8 42 79 16 5 1.33
(Bethlehem) A50 21 48 8 56 77 18 5 1 43
A52 22 50 8 58 80 15 5 1.38
Marine Site A3S 25 49 8 57 82 13 5 700
A37 29 24 5 29 58 3 39 >50
(Kure Beach) A38 41 30 8 38 79 16 5 19 17
(250m lot) A45 25 47 8 55 80 15 5 10 11
ASO 21 51 8 59 80 15 5 6.33
A52 20 53 8 61 81 14 5 5 57
A35 32 35 8 43 75 20 5 1 52
Rural Site A38 47 23 8 31 78 17 5 648
(Saylorsburg) A45 37 31 8 39 76 19 5 262
ASO 31 36 7 43 74 21 5 1 85
* : 39 = 34 (magnetic maghemite) + 5 (superparamagnetic maghemite)
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ordered iron oxides. The sextet made up 73% of the 77K Mossbauer spectral area (63% 
goethite+5% superparamagnetic maghemite), compared to 42% in the 300K spectrum. The 
doublet appearing in the 77K Mossbauer spectrum was composed of lepidocrocite and 
superparamagnedc iron oxides. Superparamagnedc goethite was magnetically ordered due 
to the slowing down the magnetic relaxation at the low temperature. The relative fraction of 
goethite exhibiting a distribution of magnetic fields was designated as a-FeOOH(m+sl) in 
Table 32(a). The fraction of magnetic goethite increased from 42% at 300K to 68% at 77K. 
Data published by Janot et al. [71], showed that goethite, a-FeOOH(m+sl), must have a 
particle size greater than 8 nm. The superparamagnetic component of goethite particles with 
less than 8 nm size possibly existed in the doublet at 77K [71]. The relative fraction of the 
superparamagnetic component of goethite in the doublet, a-FeOOH(s2) in Table 32(a), was 
determined to be 8% as discussed in Section 6.3. This showed that the total fraction of 
goethite was 76%, and the additional 24% measured in the magnetic component at 77K came 
from the doublet of the 300K spectrum. The fraction of the doublet component in the 77K 
spectrum was 27%. The doublet consisted of 19% for lepidocrocite and 8% for 
superparamagnetic goethite. Although the subspectrum of maghemite could not be identified 
in the magnetic sextet, it was estimated to be 5% by Raman spectrometry.
The 300K and 77K Mossbauer spectra were recorded for the corrosion products 
present on the carbon steel A37 exposed at the marine environment, as shown in Fig. 52. The 
Mossbauer spectra from coupon A37 were different from those for coupon A45 exposed at 
Saylorsburg because magnetic maghemite was additionally identified and the contribution of 
the steel substrate was not present. The absence of the steel substrate was caused by the fact 
that the corrosion products which flaked off steel substrate, were used for the Mossbauer 
analysis. The corrosion products formed on the coupon A37 consisted of magnetic and 
superparamagnetic goethite, magnetic maghemite and lepidocrocite. For the same reasons 
in the Mossbauer spectra, the doublet in the 77K Mossbauer spectrum of coupon A45 
exposed at Saylorsburg was made up lepidocrocite and superparamagnetic iron oxides.
In order to fit the data for magnetic goethite in the 300K Mossbauer spectrum, the 
maximum magnetic field was 373 kOe. Data published by Govaert et al.[104] showed that 
the magnetic field of the well crystalline goethite was slightly higher than that of a small
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Fig. 52. Mossbauer spectra of corrosion products formed on coupon A3 7 
exposed at the marine site of Kure Beach, NC.
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particle goethite. This indicated that large particles, >50 nm, of goethite existed in the 
corrosion products. The mean particle size of goethite was larger than those for coupon A45 
exposed at Saylorsburg, 20-30 nm. Magnetic maghemite was identified only in the corrosion 
products on coupon A3 7 exposed in the marine site, and not even on the other coupons 
exposed in the same marine environment o f Kure Beach.
The subspectrum oflarge particle maghemite showed a small distribution of magnetic 
fields in the range between 512 kOe - 430 kOe. This indicated that the large particle 
maghemite, most likely did not have a superparamagnetic component. The fraction of 
magnetic maghemite was 44% at 300K, whereas the fraction was 39% at 77K, as shown in 
Table 32(b). It is believed that the difference, 5%, between the fractions of magnetic 
maghemite between at 300K and 77K was possibly caused by fit error.
The absence oflarge particle maghemite for all coupons, except for coupon A3 7 in 
the marine site, can be caused by the possible alloying elements which prevented the 
formation of the magnetic maghemite on the coupons under these environmental conditions. 
Two experimental measurements show this. One is that the magnetic maghemite did not form 
on the carbon steel coupon exposed at the industrial environment. This indicated that a 
contamination in the marine atmosphere may be a cause of the formation of magnetic 
maghemite. However, it is not clear which contamination in the marine atmosphere was 
related to the formation of magnetic maghemite. Another experimental measurement is that 
the magnetic maghemite did not form on the different types of steel coupons exposed at the 
same marine environment for the same exposure. This indicated that the alloying elements 
containing in the copper-bearing steel and the weathering steels may prevented to form the 
magnetic maghemite caused by a contamination in the marine atmosphere.
The 300K and 77K Mossbauer spectra recorded for all steel coupons in the three 
different environmental conditions are shown in Fig. 53-58. The relative fractions of the iron 
oxides on the steel coupon were different from each other, as listed in Table 32. The 
Mossbauer spectra were similar in appearance to each other, except for those of the carbon 
steel coupon A3 7 exposed at the marine environment. Magnetic and superparamagnetic 
goethite and lepidocrocite were identified in the corrosion products formed on all the steel 
coupons, independent of the exposure conditions and the types of steel. In the Mossbauer
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Fig. 53. The 300K Mossbauer spectra of the corrosion products on the 
six steel coupons exposed at the industrial site.
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Fig. 54. The 77K Mossbauer spectra o f the corrosion products on the 
six steel coupons exposed at the industrial site.
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Fig. 55. The 300K Mossbauer spectra of the corrosion products on the 
six steel coupons exposed at the marine site.
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Fig. 56. The 77K Mossbauer spectra of the corrosion products on the 
six steel coupons exposed at the marine site.
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Fig. 57. The 300K Mossbauer spectra of the corrosion products on the 
four steel coupons exposed at the rural site.
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Fig. 58. The 77K Mossbauer spectra of the corrosion products on the 
four steel coupons exposed at the rural site.
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spectra for coupon A45 exposed at Saylorsburg, the doublet in the 77K Mossbauer spectra 
were due to lepidocrocite and superparamagnetic iron oxides. For fitting magnetic goethite 
in the 300K Mossbauer spectra, the most probable magnetic field was similar to that for 
coupon A4S exposed at the rural site. This indicated that the particle sizes of goethite for 
each coupon were about the same with that for coupon A4S exposed at the rural site, and 
they were smaller than that for the pure goethite which was characterized in Section four. 
With comparing with the various spectra of goethite in the reference that reported the 
Mossbauer spectrum of goethite as a function of the particle size, the particle sizes of 
goethite in the corrosion products were estimated to be 20-30 nm. These data was also 
shown that superparamagnetic component was present at 300K. In Table 32, it is shown that 
the fraction of lepidocrocite for each coupon was in the range of 9%-21%, except for coupon 
A3 7 exposed at the marine, the total fraction of goethite was in the range of 86%-74%, 
independent of the exposure conditions and the type of steel. However, the fraction of 
superparamagnetic goethite (sl+s2) was different for each the exposure condition and the 
type of steel. The fractions of superparamagnetic goethite (sl+s2) at the rural environment 
were lower than those for the marine and industrial environments. This indicated that 
goethite at the rural environment consisted of small particles in larger fraction than those for 
the other environments. It is shown that the fractions of superparamagnetic goethite (s 1 +s2) 
for the coupons A52 and A3 5 were higher than those for other coupons, independent of the 
exposure conditions, whereas the fraction of superparamagnetic goethite (sl+s2) for the 
coupon A3 7 exposed at the marine site was smaller than those for the other coupons. This 
indicated that goethite for the coupons A52 and A35 consisted o f small particles in larger 
fraction than those for the other coupons, independent of the different environmental 
conditions.
7.3.3 Analysis using Raman spectrom etry
Raman spectrometry identified goethite, lepidocrocite and maghemite in the corrosion 
products formed on all steel coupons, as shown in Table 31. However, it was also shown that 
some of the corrosion products consisted of a-very small amount of magnetite. The intensity 
ratio of the peaks in the Raman spectrum of each iron oxide was almost the same with those
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for the pure iron oxides which were characterized in Section five. It was shown by Raman 
analysis that the corrosion coating formed on the sixteen steel coupons generally consisted 
of two distinct layers, the inner and outer layers, independent of the different exposure 
conditions, types of steel and composition of steel. The inner layer was closer to the steel 
substrate, while the outer layer was near to the surface of the corrosion products (top of the 
inner layer). In some regions of the corrosion products formed on the steel coupons, it was 
also found that the inner layer and the outer layer were formed alternately.
The locations of the iron oxides formed on coupon A3 8 exposed at the rural site. Fig. 
59, clearly shows the layered structure of the oxides with regions a and b being the inner and 
outer layers. The Raman spectra of the iron oxides recorded from the corrosion products are 
shown in Fig. 60. The inner layer, a, and the outer layer, b, correspond to Fig. 60(a) and Fig. 
60(b). Goethite which was not mixed with other iron oxides, was identified in the inner layer, 
as shown Fig. 60(a). The Raman spectrum recorded for goethite was in agreement with the 
standard Raman spectrum of goethite discussed in Section 5. However, the Raman spectrum 
would include the low intensity peaks of superparamagnetic goethite because the positions 
of the low intensity peaks due to superparamagnetism were the same with those for magnetic 
goethite. The mixture of goethite in small amounts and the superparamagnetic maghemite in 
large amounts, which corresponded to regions c in Fig. 59 and Fig. 60(c), were also present 
in the form of small island clusters within the inner layer. The Raman spectrum of the 
superparamagnetic maghemite was in agreement with the standard Raman spectrum of the 
superparamagnetic maghemite discussed in Section 5. The superparamagnetic maghemite 
that was not mixed with goethite, was occasionally identified in form o f the island clusters 
within the inner layer, although it is not shown in Fig. 59. The superparamagnetic maghemite 
was not identified in the outer layer. In order to identify superparamagnetic maghemite not 
in the form of the small island clusters, the Raman spectra were expanded in the range 
between 650 cm'1 and 750 cm'1, as shown in Fig. 61. The absence of two peaks, at 676 cm'1 
and 711 cm'1, for superparamagnetic maghemite was obvious in Fig. 61. Therefore, this 
suggests that supermagnetic maghemite was not mixed with goethite, Fig. 60(a), and 
lepidocrocite, Fig. 60(b). The fraction of superparamagnetic maghemite in the entire 
corrosion products was estimated to be less than 5%. Fig. 60(b) shows the Raman spectrum
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Fig. 59. Corrosion layers formed in coating of coupon A3 8 exposed at 
the rural site showing regions, a : inner layer, b : outer layer, c : 
superparamagnetic maghemite within the inner layer.
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W a v e n u m b e r  ( c m ' 1)
Fig. 60. Raman spectra of corrosion products formed on coupon A3 8 
exposed at the rural site. They were recorded at three regions:(a) inner 
layer, (b) outer layer and (c) maghemite islands within the inner layer
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Fig. 61. The expanded Raman spectra o f corrosion products formed on 
coupon A3 8 exposed at the rural site : (a) goethite in the inner layer and 
(b) lepidocrocite in the outer layer.
of lepidocrocite present in the corrosion products. High purity lepidocrocite was identified 
in the outer layer, but not in the inner layer. Lepidocrocite mixed with goethite in small 
fraction was also found in some regions of the outer layer, although the spectrum for 
lepidocrocite mixed with goethite is not shown in Fig. 60. However, goethite not mixed with 
the superparamagnetic maghemite was not present in the outer layer. Consequently, the 
superparamagnetic maghemite and lepidocrocite were respectively formed only in the inner 
layer and the outer layer. Although goethite formed in the entire region of the corrosion 
products, it was mainly present in the inner layer. The inner layer mainly consisted of 
goethite, whereas the outer layer was mainly composed of lepidocrocite.
In some regions, the inner layer and the outer layer were alternately formed. Fig. 62 
for coupon A50 exposed at Bethlehem, PA shows that the corrosion products were present 
on the coupon in two inner, a, and one outer, b, layers. The inner and outer layers 
respectively correspond to Fig. 63(a) and Fig. 63(b). As found from the corrosion products
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Fig. 62. Corrosion layers formed in coating of coupon A50 exposed at the 
industrial site. They were recorded at three regions:(a) inner layer, (b) 
outer layer and (c) magnetite islands within the inner layer.
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Fig. 63. Raman spectra of corrosion products formed on coupon A50 
exposed at the industrial site. They were recorded at three regions:(a) inner 
layer, (b) outer layer and (c) magnetite islands within the inner layer.
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Fig. 64. The expanded Raman spectra of corrosion products formed on 
coupon A50 exposed at the industrial site : the mixture of goethite and 
lepidocrocite (a) in the inner layer and (b) in the outer layer.
on coupon A3 8 exposed at the rural site, the inner layer was composed of goethite in large 
fraction and superparamagnetic maghemite approximately 5%, although the presence of 
superparamagnetic maghemite in the form of small island clusters does not appear in Fig. 62 
and 63. Since two peaks, at 676 cm"1 and 711 cm'1, for superparamagnetic maghemite were 
not identified in Fig. 64, the presence of superparamagnetic maghemite was not obvious in 
general regions of the inner and outer layers. The peak for goethite was not observed in Fig. 
64(b) due to the small contribution. The outer layer consisted of lepidocrocite in large 
fraction and goethite in small fraction. In particular, the inner layer also contained small 
islands of magnetite, region c in Fig. 62, which appeared to be well crystallized as identified 
in Fig. 63(c). In Fig. 63(c), a small intensity peak was possible located at 301 cm'1. 
According to the characterization of magnetite in Section five, it was indicated that a peak
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was possibly located at 293 cm'1, but the peak was not included for the characteristic of 
magnetite because the presence of the peak was not clear due to the very weak intensity. 
Therefore, it is not clear whether or not the peak at 301 cm'1 was produced by magnetite.
Fig. 65 for coupon A3 7 exposed at the marine site shows that, in some regions, the 
corrosion products formed only in one layer. In the layer, goethite, goethite mixed with 
superparamagnetic maghemite in large fraction and superparamagnetic maghemite which 
correspond to Fig. 65(a) and 66(a), Fig. 65(b) and 66(b) and Fig. 65(c) and 66(c), were 
identified. The identification of goethite and superparamagnetic maghemite agreed with the 
finding in the inner layer shown in Fig. 59 and 61. The fraction of superparamagnetic 
maghemite in the corrosion products was estimated to be less than 5%. The 
superparamagnetic maghemite was present only in form of the small island cluster. In Fig. 
64, magnetic maghemite and lepidocrocite were not identified, but the relative fractions of 
magnetic maghemite and lepidocrocite were determined 34% and 3% in the corrosion 
products flaked from the steel substrate by Mossbauer analysis. It is believed that magnetic 
maghemite and lepidocrocite formed on the top of the corrosion products, and they were 
flaked off from the corrosion products remaining on the steel substrate. In Fig. 65, the 
thickness of the corrosion products was about 20 pm, and the thickness was much thinner 
than those, averaging 80 pm thick, for the corrosion products on the other coupons. This 
suggested that the top of corrosion products which had magnetic maghemite and 
lepidocrocite, would be flaked off from the corrosion products remaining on the steel 
substrate. Therefore, magnetic maghemite and lepidocrocite were identified by Mossbauer 
analysis, but not by Raman analysis.
Fig. 67 shows the cross-section of the corrosion products recorded for coupon A45 
exposed at the rural site. Although the boundary between the inner and the outer layers in 
the corrosion products was not clear visually, the corrosion products formed in the inner and 
the outer layers. Goethite, superparamagnetic maghemite and magnetite were identified in 
the inner layer. The spectrum of goethite is shown in Fig. 68(a), and goethite was probed in 
a region, a, of the inner layer in Fig. 67. The region b in Fig. 67 corresponding to Fig. 68(b), 
formed by goethite in small fraction and superparamagnetic maghemite in large fraction. The 
superparamagnetic maghemite was present only in form of the small island clusters. Also,
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Fig. 65. Corrosion layers formed in coating of coupon A3 7 exposed at 
marine site showing regions, a : goethite, b : superparamagnetic 
maghemite plus goethite, c : superparamagnetic maghemite.
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Fig. 66. Raman spectra of corrosion products formed on coupon A3 7 
exposed at the marine site. They were recorded at three regions: (a) 
goethite, (b) maghemite plus goethite and (c) maghemite.
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Fig. 67. Cross-section of the corrosion products formed coupon A45 
exposed at the rural site.
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Fig. 68. Raman spectra of corrosion products formed on coupon A45
exposed at the rural site.
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magnetite was present in the form of small island clusters closer to the steel surface, as 
shown in the region d in Fig. 67. The spectrum recorded for magnetite corresponds to Fig. 
68(d). However, in Fig. 68(d), the small contribution of hematite was also observed. It is 
believed that the presence of hematite in the region was transformed from magnetite. The 
reason was that the presence of hematite was not identified in the corrosion products on the 
all sixteen coupons by x-diffraction and Mossbauer spectroscopy. Lepidocrocite was 
identified in a region of the outer layer, as shown in Fig. 67. The spectrum for lepidocrocite 
corresponds to Fig. 68(c).
7.4 Discussion
The Mossbauer analysis showed that the corrosion products formed on the steel 
coupons, except for coupon A3 7 exposed at the marine site, mainly consisted of the two iron 
oxides, goethite and lepidocrocite. Using Mossbauer spectroscopy, magnetite was not 
identified in the corrosion products formed on the all sixteen coupons. However, by Raman 
analysis performed with its high spatial resolution of about lpm, magnetite in form of the 
small island clusters was identified in the corrosion products present on some of the steel 
coupons. Magnetite was estimated to be a very small relative fraction, <1%, in the corrosion 
products, and maghemite formed randomly in the form of small island clusters of the 
corrosion products.
Akaganeite typically forms on the steel exposed at the marine site because the 
presence of chloride can be a cause of the formation of akaganeite [43, 72, 74], and the 
chloride exists in a marine environmental atmosphere. However, none of the Mossbauer, 
Raman and x-ray diffraction analysis showed the presence of akaganeite in the corrosion 
products, even in the corrosion products formed at the marine site. In particular, the absence 
of akaganeite in the corrosion products formed in the marine environment can be explained 
in several ways. First, akaganeite may never have formed on the steel coupons because some 
of alloying elements in the steel prevented the formation of akaganeite. Second, akaganeite 
formed initially on the steel surfaces during the exposure, but with the passage of time, no 
more akaganeite formed on the steel surface due to the formation of a complete protective 
layer, which then transformed to other iron oxides, over time. The possible transformation
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of akaganeite has not been investigated under environmental exposure conditions. It is known 
that akaganeite transforms to goethite and hematite with heat treatment [105],
For analysis of the 300K Mossbauer spectra, goethite was analyzed using magnetic 
field distribution and superparamagnetism. The distribution of magnetic fields and 
supermagnetism were caused by small particle size. The goethite in the corrosion products 
contained a large distribution in particle size which was separated into the three groups, as 
discussed in Section six. It was already proposed that the mean particle sizes of goethite in 
the corrosion products, except for coupon A3 7 exposed at the marine site, was 20-30 nm. 
Goethite with particles greater than 15 nm, a-FeOOH(m), was magnetic at 300 K and 77 K, 
whereas, for particle size between 8-15 nm, a-FeOOH(sl), the goethite was 
superparamagnetic at 300 K and magnetic at 77 K. For particles < 8 nm, a-FeOOH(s2), the 
goethite was superparamagnetic at both temperatures [50,53], Raman spectra for maghemite 
recorded from the corrosion products on the steel coupons agreed with the standard 
spectrum of the superparamagnetic maghemite, <10 nm. Thus, it can be concluded that 
maghemite in most of the corrosion products was composed of the small particles. It was 
shown by Raman analysis that the inner layer of the corrosion coating consisted of goethite 
and superparamagnetic maghemite. It is previously reported in papers that the inner layer 
present in the corrosion products corresponded to a protective layer [48, 93, 95, 100-103], 
Thus, it is suggested that the inner layer consisting of goethite and superparamagnetic 
maghemite acted as a protective layer to decrease further corrosion processes. Unfortunately, 
the relative fraction of the protective layer in the entire corrosion products could not be 
determined because the goethite randomly formed in the inner and the outer layers.
Townsend [55, 96] previously reported the corrosion rates of the weathering steel 
coupons and copper bearing steel coupon exposed at the three different sites for eleven years. 
The corrosion rates of the five steel coupons are shown in Table 31 and in Fig. 69. The 
higher corrosion rates appeared on the steel coupons exposed to the marine environment due 
to the increase in current density on the steel caused by the effect of anodic polarization of 
chloride [3].
Of the five coupons exposed at the same site, the corrosion rate of the copper bearing 
coupon A3 8 was the highest, while the corrosion rates for the weathering coupon A3 5 and
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Fig. 69 : The corrosion rate of five steel coupons exposed at the three 
different exposure sites after eleven years of exposure [55],
A52 were the smallest, independent of the different exposure sites. The fractions of goethite 
(m+sl+s2), maghemite and lepidocrocite in the corrosion products were almost the same, 
independent of the environmental conditions, except for coupon A3 7 exposed at the marine 
site. However, the corrosion rate could be related with the fraction of the superparamagnetic 
goethite (sl+s2) because, in the marine and rural environments, the highest relative fractions 
of superparamagnetic goethite (sl+s2) appeared on the weathering steel coupons A3 5 and 
A52 which had the smallest corrosion rate, while the smallest relative fraction of the 
superparamagnetic goethite (sl+s2) appeared on the copper bearing coupon A3 8 with the 
highest corrosion rate. It was indicated that increasing the fractions of superparamagnetic 
goethite (sl+s2) decreased the mean particle size of goethite. Decreasing the mean particle 
size of goethite could enhance the function of the protective layer to prevent water and 
oxygen penetration to the steel substrate by densely compacting the extremely small particles.
The steel substrate of coupon A3 7 exposed at the marine site was almost completely
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corroded while, at the industrial site, the steel coupon A3 7 was still a solid substrate. By 
Mossbauer analysis, magnetic maghemite was additionally identified in the corrosion 
products formed at the marine site, but not in corrosion products formed at the industrial site. 
The fractions goethite (m+sl+s2) and lepidocrocite for the carbon steel, coupon A3 7, 
exposed at the marine environment were lower than that for the industrial environment. The 
direct correlation between the formation of magnetic maghemite and the environmental 
condition was not discussed as a topic in papers previously reported. However, the direct 
correlation between them is important because the high corrosion rate of the carbon steel was 
related to the formation of magnetic maghemite and large particle of goethite. Both mean 
particle sizes of magnetic maghemite and goethite in the corrosion products exposed at the 
marine were respectively estimated to be greater than 50 nm. Therefore, this suggested that 
the large particles prevented the complete formation of the protective layer in the corrosion 
products exposed at the marine site, and caused the higher corrosion rate of the steel. The 
precise correlation between the corrosion rate of the carbon steel and the formation of 
magnetic maghemite was not determined because the fraction of the magnetic maghemite 
was determined for the single exposure time. If more data are available over much different 
time intervals for the carbon coupon, the precise correlation between the corrosion rate of 
carbon steel and the relative fraction of magnetic maghemite can be determined.
Townsend reported that the change of the corrosion rate after eleven years of 
exposure was due to different amounts of silicon and nickel present in a weathering steel 
A588 [55], In the performance, each 0.34% of either silicon or nickel was added to the steel 
substrate. The average values of the corrosion rate decreased respectively by 6% and 7%, 
for every 0.1% of silicon and nickel added, for the three different exposure conditions, as 
shown Fig. 70.
When two weathering steel coupons, ASO and A52, which were produced with 
different amounts of nickel in the steel substrates, were exposed at the industrial and marine 
sites, the fractions of goethite and lepidocrocite in corrosion products formed on coupon A50 
were similar to those of the iron oxides in corrosion products formed on coupon A52, as 
shown in Table 33. In particular, the fractions of superparamagnetic component at 300K of 
goethite (sl+s2) in the corrosion products formed on the both coupons were also almost the
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steels: (a) low and (b) high nickel [55],
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Table 33
The summary of iron oxides for coupons A35, A45, A50 and A52 by the 77K Mossbauer 
analysis.
Exposure
Site
Sample Corrosion
Rate
(um/yr.)
Oxide Fraction (rel. % : ±2)
a-FeOOH
(sl+s2)
o-FeOOH
(m+sl+s2)
y-FeOOH Y-FeA
Industrial A35 1.27 52 80 15 5
Site A45 1.33 42 79 16 5
(Bethlehem) A50 1.43 56 77 18 5
A52 1.38 58 80 15 5
Marine Site A35 7.00 57 82 13 5
(Kure Beach) A45 10.11 55 80 15 5
(250m lot) A50 6.33 59 80 15 5
A52 5.57 61 81 14 5
Rural Site A35 1.52 43 75 20 5
(Saylorsburg) A45 2.62 39 76 19 5
A50 1.85 43 74 21 5
same, as shown in Table 33. Therefore, this suggests that the substitution of different nickel 
contents in steel substrates did not affect the formation of the iron oxides at the industrial and 
rural sites after sixteen years of exposure. Although the higher nickel content in the steel 
substrate was a cause for the decreased corrosion rate after eleven years of exposure [55], 
the different amount of nickel present in the steel substrate was not a cause of increasing the 
fraction of superparamagnetic goethite in the coupon.
When two weathering steel coupons A45 and A52 with different amounts of silicon 
content in the steel substrates exposed at the industrial and marine sites, the fractions of 
goethite (m+sl+s2) and lepidocrocite formed on coupon A52 with larger silicon content 
were the same with that formed on coupon A45, as shown in Table 33. However, of more 
significance was the observation that the relative fraction of superparamagnetic component 
at 300K of goethite (sl+s2) for coupon A52 was higher than that for coupon A45, 
independent of the exposure conditions. Therefore, this suggests that the higher silicon 
content in the steel substrates increased the fraction of goethite (sl+s2), and resulted in the 
decrease of the mean particle size of goethite. The decreased particle size of goethite was a
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possible cause of enhancing ability o f the protective layer. However, the reason why larger 
amounts of silicon in the steel substrate were a cause of the decreased particle size of 
goethite, is not clear. Further study will be made of this corrosion behavior on steel.
When two weathering steel coupons A3 5 and A52 with different amounts of 
phosphorus content in the steel substrates were exposed at the industrial and marine sites, 
the relative fractions of goethite (m+sl+s2) and lepidocrocite formed on both coupons were 
the same independent of the different environmental conditions. However, the fraction of 
superparamagnetic goethite (sl+s2) at 300K formed at the industrial site slightly decreased 
by 6% in corrosion products present on coupon A3 5 with higher phosphorus content, 
whereas, at the marine site, the fraction of the goethite for coupon A3 5 slightly decreased 
by 4%, as shown in Table 33. Thus, the lower phosphorus content was a cause of the 
increased fractions of superparamagnetic goethite (sl+s2).
As mentioned earlier, increasing the fraction of goethite (sl+s2) resulted in the 
decrease of the mean particle size of goethite, and the decreased particle size of goethite was 
a possible cause of decreasing the corrosion rate of the steel coupons in the marine and rural 
environments due to enhancing ability of the protective layer. The fraction of goethite 
(sl+s2) in the corrosion products on the two types of weathering steel, A242 and A588, was 
higher than those for the other type of steel, independent of the exposure conditions. This 
agreed with the fact reported by Shastry [34] that the corrosion rates of the two types of 
weathering steel, A242 and A588 were lower than those for the other types of steel at the 
three different environmental conditions. Of the three A588 weathering steel coupons, 
increasing silicon content in the weathering steel, coupons A50 and A52, was a cause of the 
increased fraction of goethite (sl+s2), independent of the exposure conditions. Therefore, 
use of the coupon A3 5, A242 weathering steel, and coupons A50 and A52, A588 weathering 
steel, were suggested for constructing outdoor steel structures for extending the lifetime of 
the steel structures, independent of environmental conditions.
In summary, four iron oxides, goethite, lepidocrocite, superparamagnetic maghemite 
and magnetite formed on the steel coupons. Akaganeite was not identified in the corrosion 
products on all the coupons, even in the corrosion products formed at the marine site. 
Magnetic maghemite was identified in the corrosion products formed on the carbon steel
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exposed at the marine site by Mossbauer spectroscopy, but not by Raman spectrometry. This 
is believed that magnetic maghemite and lepidocrocite formed on the top of the corrosion 
products, and they were flaked off from the corrosion products remaining on the steel 
substrate. The presence of magnetic maghemite was a possible cause of the high corrosion 
rate. The fractions of goethite (m+sl+s2), superparamagnetic maghemite and lepidocrocite 
in the corrosion products on the six coupons, except for coupon A3 7 exposed at the marine 
site, were almost the same under the same environmental condition. However, the fractions 
of superparamagnetic goethite on the six coupons were different. The higher fraction of 
superparamagnetic goethite may be one cause of the reduced the corrosion rates of the steel 
coupons exposed at the marine and rural environments. The fraction of superparamagnetic 
goethite was increased by a higher amount of silicon content and lower presence of 
phosphorus in the steel substrate. However, the different nickel amounts that were a cause 
of a lower corrosion rate of the weathering steel after eleven years of exposure, did not affect 
the formation and development o f the iron oxides in the corrosion products after sixteen 
years of exposure. The corrosion products formed on the steel coupons generally consisted 
of inner and outer layers. The inner layer, a protective layer, was composed of goethite and 
superparamagnetic maghemite, while the outer layer consisted of lepidocrocite and goethite. 
Use of the coupons A3 5, A50 and A52 were recommended for constructing outdoor steel 
structures for extending the lifetime of the steel structures due to higher fraction of 
superparamagnetic goethite, independent of environmental conditions.
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Section 8 
Atmospheric Corrosion of Carbon Steel in 
Campeche, Mexico
8.1 Introduction
Many regions around the Gulf of Mexico have very corrosive environments due to 
high mean annual temperature, humidity and rainfall, time-of-wetness, as well as the high 
concentrations of chlorides and sulfur dioxides in the air [106-107]. The high corrosion rates 
severely reduce the lifetime of steel structures. Thus, a better understanding of the corrosion 
behavior of the steels is required, in order to decrease degradation due to atmospheric 
corrosion, and to precisely evaluate and extend the lifetime of the steel structure used around 
the Gulf of Mexico. Some research programs are presently underway to determine the 
atmospheric corrosivity and to evaluate the atmospheric corrosion behavior of steel used for 
structural applications around the Gulf of Mexico. For example, J.J. Carpio, Director, 
Programa de Corrosion del Golfo de Mexico at Universidad Autonoma de Campeche, 
Campeche, Mexico. Carpio, who is collaborating on the research discussed in this section, 
reported the formation and development of iron oxides formed on carbon steels for 
exposures of less than one year. His research involved Infrared spectrometry and scanning 
electron microscopy [106, 108],
The main aim of the research presented in this section is to use Mossbauer 
spectroscopy, Raman spectrometry and x-ray diffraction to characterize the corrosion 
behavior of the carbon steel exposed for time less than one year in the marine and near­
marine environments of Campeche, Mexico. For a better understanding of the corrosion
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behavior on carbon steel, the study was performed as a function of the environmental 
conditions and exposure time. A database was developed of the results of the effect of 
atmospheric corrosion of carbon steel in the marine environment. This database can be used 
to develop models to study atmospheric corrosion on carbon steel structures exposed in 
similar environments.
8.2 Sample preparation and analysis
Carbon steel coupons were exposed in marine and near-marine environments located 
on the west coastline of the Yucatan Peninsula on the Gulf of Mexico at Campeche, Mexico 
(see Fig. 71). Coupon, MEX02 (coded at Old Dominion University), was exposed for 12 
months at the National Meteorogical Station (SMN), located 4 km inland (east) from the 
coastline. Coupon, MEX03, was placed 4 m from the water’s edge of the Gulf of Mexico at 
Centro Regional de Investigatation Pesquera Lerma, Campeche (CRIP), for 7 months. 
Before exposure, the coupons, which measured 15 cm x 10 cm x 0.2 cm thick, were 
mechanically polished with 600 grit paper, chemically cleaned with 10% hydrochloric acid 
solution, rinsed with clean water, and dried with a smooth towel. The coupons were mounted 
on one meter high racks at an angle of 45 degrees to the vertical and facing north-west 
toward the Gulf of Mexico. During the exposure periods, the relative humidity, rainfall and 
mean temperature were monitored on site. The on-site data were used to determine the time- 
of-wetness. The chloride and sulphur dioxide concentrations in the air were measured 
monthly at each site using wet candle and sulfation plates [109-110], The exposure 
conditions are shown in Table 34 [11 l- l  12],
Each coupon showed different amounts of visible corrosion, as shown in Fig. 72. 
Coupon MEX02 exposed inland for 12 months, did not appear to be completely covered 
with corrosion products, but the visible corrosion products covered about 75% of the steel 
substrate. Coupon MEX03, exposed at the coastline for 7 months, was completely covered 
with a thick, dark brown corrosion products coating. With no visible steel substrate was 
visible.
Corrosion samples were prepared in several ways for the transmission and scattering 
Mossbauer analysis. The corrosion products on both coupons MEX02 and MEX03 were not
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Fig. 71. Map of the Mexican exposure sites around the Gulf of Mexico.
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Fig. 72. Photograph of the two carbon steel coupons exposed in Campeche, 
Mexico. Coupon MEX02 were exposed 4 km inland for 12 months. Coupon 
MEX03 was exposed 4 m from the shoreline for 7 months.
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Table 34
Environmental conditions at the two exposure locations in Campeche, Mexico.
Coupon Site Exposure 
Location from 
Gulf of Mexico
Exposure
Time
(mth)
Mean
Temp.
(C°)
ci-
(mg/m2/
day)
SOj
(mg/m2/
day)
Time of 
Wetness 
(hr/mth)
Corrosion 
Rate ofFe 
(pm/yr)
MEX02 SMN 4km 12 26 45 4 370 15
MEX03 CRIP 4m 7 26 170 4 450 78
well attached to the steel substrate. Coarse particles, approximately 0.5 mm in diameter, 
could be easily brushed from the coating. On receipt of the coupons MEX02 and MEX03, 
a few grams of corrosion products were already loose in the plastic container. Oxide powders 
that had flaked from both coupons MEX02 and MEX03, as well as the complete coating that 
was mechanically scraped from a small corroded region (2x2 cm2) of the coupon MEX03, 
were prepared for the transmission Mdssbauer analysis, at 300K and 77K. Using flaked and 
scraped corrosion products, the identification of the iron oxides in the corrosion coating for 
MEX02 and MEX03 were determined. To study the in-situ corrosion products, scattering 
Mossbauer spectra were recorded at 300K.
Using Raman spectrometry, iron oxides present in the corrosion products on both 
samples were also identified. In addition, the location of each iron oxide was mapped in 
three-dimensions across the surface of the intact corrosion products and in depth profile 
through the entire thickness of the corrosion coating to a spatial resolution of about 1 pm. 
For the analysis of the depth profile through the entire thickness of the corrosion coating, the 
corrosion products were prepared by shearing cross sections at the steel and mounting them 
in two-part, room temperature-curing epoxy. Optical microscopy also estimated that the 
thickness of the corrosion products formed on MEX02 was generally less than 20pm, while 
the thickness of the corrosion products formed on MEX03 was less than 40pm. Using x-ray 
diffraction analysis, iron oxides were identified from the corrosion products which were 
removed from the coating on coupon MEX03.
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8.3 Results
The x-ray diffraction pattern of the corrosion products on coupon MEX03 is shown 
in Fig. 73. Two iron oxides, goethite and lepidocrocite were identified in the corrosion 
products. The presence of akaganeite was confirmed by the peak, at 20=56.36°, as shown 
by the arrow in Fig. 73.
Mossbauer analysis of the two coupons indicated that the composition of the 
corrosion product on each coupon was similar. The main difference was the relative fraction 
of each iron oxide present. The Mossbauer spectra for the two coupons were composed of 
a magnetic sextet and a non-magnetic doublet. Included with each spectrum are stick figures 
which indicate the positions of the absorption lines for each iron oxide identified. Table 35 
lists the oxides identified by each transmission Mossbauer spectrum as well as the relative 
fraction of each calculated from the subspectral areas.
The Mossbauer spectra for the coupon MEX02, exposed inland for 12 months, are 
shown in Fig. 74 and 75. Fig. 75 is an expanded plot o f Fig. 74 which shows in detail the 
absorption peaks of the magnetic oxides. In the scattering 300K Mossbauer spectrum, the
Table 35
Summary of the iron oxides in the corrosion products formed on the two coupons 
(error=±l%).
Oxide MEX02 MEX03
Mossbauer area Atomic Mossbauer area Atomic
fraction (%) fraction (%) fraction (%) fraction (%)
300K 77K 77K 300K 77K 77K
a-FeOOH 26 27 28 24 22 23
P-FeOOH 68* 25 24 67* 43 42
y-FeOOH 43 43 27 27
F e ,0 4 6 5 5 9 8 8
':  the fraction of P- and y-FeOOH
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G: Goethite 
A : Alcaganeite 
L : Lepidocrocite 
M : Magnetite and/or maghemite
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Fig. 73. X-ray diffraction pattern of the corrosion products which flaked
from the coupon MEX03.
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Fig. 74. Mossbauer spectra of the corrosion products flaked from the 
coupon MEX02 exposed at the inland for 12 months.
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Fig. 75. The expanded plot of Fig. 74 shows in detail the absorption peaks
of the magnetic oxides.
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signal from the corrosion products accounted for 60%, while the remaining 40% of the signal 
came from the steel substrate. The corrosion products layer was so thin that scattering 
occurred from the steel substrate beneath the corrosion products. Fig. 74(b) shows the room 
temperature transmission Mossbauer spectrum of the fine powder which had flaked off from 
the corrosion products of coupon MEX02. There are several differences between Fig. 74(a) 
and 74(b). First Fig. 74(a) was run in scattering geometry, while Fig. 74(b) was run in 
transmission geometry. Secondly, the scattering from the steel substrate due to the thin layer, 
<15 pm, of the corrosion products on sample MEX02 contributed to Fig. 74(a), while there 
was no contribution from the steel substrate in Fig. 74(b).
In the Mossbauer spectra recorded at 300K and 77K, the sextets o f goethite and 
magnetite were identified from the spectral fits. However, it was believed that no 
superparamagnetic goethite (sl+s2) formed in the corrosion products because the most 
probable magnetic field of goethite was the same as that for goethite discussed in Section 
four. This indicated that the particle size of goethite was estimated to be 40 nm [79]. In the 
77K spectrum, the narrow doublet at the center of this spectrum was due only to 
lepidocrocite. The Mossbauer spectrum, Fig. 74(c), allowed an identification of magnetic 
goethite(m) and the separation of akaganeite and lepidocrocite because their magnetic 
properties were different (goethite(m): 6=0.49 and 0.47 mm/s, both 2e=-0.24 mm/s and 
H=507 and 492 kOe, akaganeite: both 6=0.51 mm/s, 2e=-0.15 and -0.30 mm/s and H=474 - 
160 kOe and lepidocrocite: both 6=0.51 mm/s, 2e=0.92 and 0.56 mm/s). In summary, the 
Mossbauer data from coupon MEX02, showed predominantly lepidocrocite, akaganeite and 
magnetic goethite, with a small amounts of magnetite. The percentages are included in Table 
35.
In the scattering Mossbauer spectrum, Fig. 76(a), for the coupon MEX03, the 
contribution from the steel substrate was small, 5%, while the iron oxides accounted for 95% 
of the spectrum. Fig. 77 is an expanded plot of Fig. 76. It shows in detail the absorption 
peaks of the magnetic oxides. Once again, the narrow doublet probably corresponding to 
superparamagnetic goethite, akaganeite and/or lepidocrocite was dominant in the scattering 
and the 300K transmission Mossbauer spectra. Superparamagnetic goethite was 
demonstrated to be absent based on comparison with reference spectra [79], Also present
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Fig. 76. Mossbauer spectra of the corrosion products scraped from the 
coupon MEX03 exposed close to Gulf shoreline for 7 months.
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Fig. 77. The expanded plot of Fig. 76 shows in detail the absorption peaks
of the magnetic oxides.
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were amounts of magnetic goethite and magnetite. The 300K and 77K transmission 
Mossbauer spectra were recorded using the powder sample mechanically scraped from the 
coupon MEX03. These spectra were very similar to those for coarse particles naturally flaked 
from the corrosion products. The Mossbauer spectra for the powder scraped from the 
coupon MEX03, are shown in Fig. 76. At 77K Mossbauer spectra, the four iron oxides, 
goethite, akaganeite, lepidocrocite and magnetite were identified, as shown in Fig. 76(c). The 
fraction of akaganeite was the largest. The relative atomic fractions of each iron oxide are 
shown in Table 35.
Raman spectrometry also identified goethite, akaganeite and lepidocrocite in the 
corrosion products formed on the two coupons. However, magnetite which was identified 
by Mossbauer spectroscopy, was not identified in the corrosion products on both coupons 
by Raman spectrometry. The absence of magnetite in the corrosion products will be 
discussed later. The Raman spectra of the three iron oxides present on coupons MEX02 and 
MEX03 are shown in Fig. 78(b)-81(b). The Raman microscope image showed the depth 
profile through the entire thickness of the corrosion products on the coupon MEX02, as 
shown in Fig. 78(a). The labels, A, B, C and D present in Fig. 78(a)-81(a) correspond to the 
same ones appearing in the Raman spectra, Fig. 78(b)-81(b). By metallographic cross-section 
analysis, it appeared that the corrosion products generally formed in two layers. The layer 
closer to the steel substrate was mainly composed of goethite, while the other layer near to 
the surface of the corrosion products mainly consisted of lepidocrocite. The Raman spectra 
for goethite agreed with the standard Raman spectrum of goethite discussed in Section 5. 
The relative thickness ratio of the two layers in the entire corrosion coating differed from 
region to region. Although akaganeite did not appear in Fig. 78(a), akaganeite was identified 
in the layer near to the surface of the corrosion products, and was occasionally present in the 
layer closer to the steel substrate. Surface analysis, Fig. 79, showed that lepidocrocite was 
present in the regions A and B, and a mixture of all three iron oxides, goethite, akaganeite 
and lepidocrocite, formed in regions C and D. The surface of the corrosion products mainly 
consisted of lepidocrocite.
The depth profile through the entire thickness of the corrosion products on the 
coupon MEX03 is shown in Fig. 80(a), while Fig. 81(a) shows the mapping of the corrosion
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Fig. 78. (a) Metallographic cross-section, and (b) Raman spectra 
of the corrosion products formed on the coupon MEX02.
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Fig. 79. (a) Surface image and (b) Raman spectra of the 
corrosion products formed on the coupon MEX02.
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Fig. 80. (a) Metallographic cross-section, and (b) Raman spectra of the 
corrosion products formed on the coupon MEX03.
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products across the surface of the coupon MEX03. By metallographic cross-section analysis, 
the corrosion products generally formed in the two layers that were identified from the 
corrosion products on the coupon MEX02. Region C belonging to the layer near to the 
surface of the corrosion coating corresponded mainly to akaganeite. Region D, occasionally 
present in the layer closer to steel substrate, corresponded mainly to lepidocrocite. Surface 
analysis, lug. 81, showed that the surface of the corrosion products mainly consisted of 
lepidocrocite, region A. A mixture of all three iron oxides, goethite, akaganeite and 
lepidocrocite, was found in regions B, C and D.
8.4 Discussion
The Mossbauer spectroscopic study of the two environmentally exposed steel 
coupons has provided the foOowing information about the corrosion products formed for up 
to one year. In both two coupons, the iron oxides, goethite, akaganeite and lepidocrocite 
have been identified by Mossbauer spectroscopy, Raman spectrometry and x-ray diffraction. 
The Mossbauer analysis showed that the relative atomic fractions of akaganeite plus 
lepidocrocite in the corrosion products formed on the coupons MEX02 and MEX03 were 
the same. However, significant difference was observed between corrosion products present 
on these coupons. In spite of the short exposure time, the relative atomic fraction, 42%, of 
akaganeite was higher in corrosion products on the coupon MEX03 exposed close to the 
Gulf shoreline compared to 24% on the coupon MEX02 exposed inland. It is a well known 
fact that the formation of akaganeite is related to the presence of chloride [28, 74, 76], The 
average content, 170 mg Cl'/m2 per a day, of atmospheric chloride measured close to the 
Gulf shoreline was about 3.8 times higher than 45 mg ClVm2 measured inland. Thus, it can 
be proposed that the much higher content of atmospheric chloride closer to the Gulf of 
Mexico was a cause of the large akaganeite formation. Electron Probe Micro-analysis of 
actual chloride content in the corrosion products would provide the direct relationship 
between chloride content and the formation of akaganeite in marine environment.
It was actually estimated by Raman analysis that, in spite of the short exposure time, 
the average thickness of the corrosion products formed on coupon MEX03 was 40pm, twice 
that for inland. It can be said that the corrosion rate of the coupon MEX03 was higher than
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that of the coupon MEX02. Carpio [15] previously reported in his paper that the corrosion 
rate, 78 pm/year, o f the carbon steel exposed at the shoreline was over 5 times higher than 
that, 15pm/year, formed at the inland, as listed in Table 35. Therefore, it can be believed that 
the increased formation of akaganeite at the shoreline was related to the higher corrosion 
rate.
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Section 9 
Conclusion
The aim of this research was to characterize iron oxides which are often found in 
corrosion products on steels, to improve the overall understanding of the formation and 
development of iron oxides on steels for controlling atmospheric corrosion, and to establish 
rfota to develop the existing models for the prediction of corrosion behavior taking place 
under atmospheric condition. Improving the analytical techniques for studying corrosion 
behavior was also another goal. The accomplishments of these goals follow. The first part 
of the research involved the characterization of seven iron oxides using Mossbauer 
spectroscopy, Raman spectrometry and x-ray diffraction. The goal was to uniquely 
characterize the seven iron oxides in order to aid in the identification of the iron oxides in 
corrosion products formed on steel. The second part involved the investigation of 
atmospheric corrosion on steels as a function of the environmental conditions, exposure time 
and type of steel, in order to improve the understanding of the formation and development 
of iron oxides on steel and to develop the analytical techniques for completely studying 
corrosion behavior.
(A) Seven iron oxides, goethite (a-FeOOH), akaganeite (P-FeOOH), lepidocrocite 
(y-FeOOH), 6-FeOOH, hematite (a-Fe^Oj), maghemite (y-FejOj) and magnetite (FejOJ, 
were characterized by different hyperfine parameters from Mossbauer analysis, at 
temperatures of 300K and 77K.
Good agreement was found with literature values for hyperfine parameters at 300K
and 77K.
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• Room temperature analysis allowed identification of goethite, 6-FeOOH, hematite 
maghemite and magnetite.
At 77K, the magnetic properties of akaganeite, lepidocrocite and the 
superparamagnetic iron oxides were measured.
(B) The relative recoilless fraction (F-value) was defined as the ratio of recoil-free 
fractions of two different materials and was experimentally determined at 300K and 77K 
relative to hematite.
• By comparison to the data ofMeisel, the relative recoilless fractions of lepidocrocite 
and magnetite were found to agree, while the relative recoilless fraction of akaganeite 
was slightly higher than the value found by Meisel. However, the relative recoilless 
fractions of goethite and maghemite were much lower.
The relative recoilless fractions of all iron oxide were lower than those reported by 
De Grave and Von Alboom.
• The relative recoilless fractions allowed conversion of Mossbauer subspectral areas 
to the relative atomic, molecular, or weight fraction of each iron oxide present in a 
mixed iron oxide sample such as corrosion products.
(C) Seven iron oxides were characterized using x-ray diffraction.
The x-ray diffraction parameters of the all iron oxides were in good agreement with 
those referenced.
The diffraction patterns of maghemite and magnetite were very similar. It was very 
difficult to identify maghemite and magnetite in a mixed iron oxide sample. 
Akaganeite had one of the high intensity peaks at 20=56.36° (d=l .6434 A) which is 
not near any other iron oxides. This peak o f akaganeite was used to identify its 
presence in a mixed iron oxide sample.
(D) Seven iron oxides were characterized using Raman spectrometry.
• Low intensity peaks were found in Raman peak patterns of goethite, lepidocrocite 
and magnetic maghemite.
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The positions of Raman peaks for the iron oxides were generally in good agreement 
with those appearing in the literature.
(E) For study o f atmospheric corrosion of steel
Most iron oxides were able to be separately identified by the analysis of Mossbauer 
spectra recorded at 300K and 77K. The relative fraction o f each iron oxide in a 
mixed iron oxide sample was determined only by Mossbauer spectroscopy. However, 
superparamagnetic iron oxides were very difficult to separately identify from 
akaganeite and lepidocrocite at 300K.
Using its high spatial resolution about 1pm, Raman spectrometry allowed one to 
accurately map the location of each iron oxide.
Using x-ray diffraction, magnetite and maghemite could not be easily separated due 
to having nearly identical lattice parameters. Maghemite and magnetite were 
identified by Mossbauer spectroscopy or Raman spectrometry. Therefore, complete 
identification of the corrosion products formed on steel required all three analytical 
techniques.
(F) The corrosion products formed on weathering, copper bearing and carbon steels 
have been investigated as a function of environmental conditions, exposure times and types 
of steel. The steel coupons were exposed at industrial, rural and marine environments in the 
United States, Japan and Mexico for up to twenty-nine years.
Goethite and lepidocrocite were found in the corrosion products formed on all the 
coupons, independent of the different environments, exposure time and type of steel. 
Akaganeite was present in the corrosion products formed on the two carbon steels exposed 
around the Gulf of Mexico coast for up to one year, but it was not found in all the corrosion 
products after long term exposures, even in the corrosion products formed at the marine site. 
Superparamagnetic goethite was identified from the corrosion products formed on all the 
steels after long term exposures, independent of the environment condition and type of steel. 
Magnetic maghemite was present in the corrosion products on the carbon steel exposed at 
the marine site after the sixteen years of exposure.
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After long term exposure, the inner layer consisted of interdispersed goethite in large 
fraction and superparamagnetic maghemite in small fraction, and the outer layer composed 
of interdispersed goethite in small fraction and lepidocrocite in large fraction independent of 
the different environments and type of steel. Superparamagnetic maghemite was occasionally 
present in form of the small island clusters within the inner layer. On several coupons, the 
inner layer also contained small islands of magnetite. The protective layer present on 
weathering steels formed by goethite and superparamagnetic maghemite, and corresponded 
to the inner layer.
The relative fraction of each iron oxide in the corrosion products was similar to each 
other, independent of the environmental conditions, except for the carbon steel exposed at 
the marine site. The large amount, 39%, of magnetic maghemite formed in the corrosion 
products on the carbon steel, and the mean particle size of the magnetic maghemite was 
greater than 50 nm. The mean particle size of goethite in the corrosion products on the 
coupons, except for the carbon steel exposed at the marine site, was approximately 20-30 
nm, but the mean particle size of goethite for the carbon steel exposed at the marine site was 
>50 nm. The large particles of goethite and magnetic maghemite were a possible cause of the 
increase of the corrosion rate of the carbon steel exposed at the marine site. The increased 
exposure time increased the fraction of superparamagnetic goethite which was most likely 
the final stable oxide to form, and the mean particle size of goethite decreased with the longer 
exposure. The very small particle size possible reduces the porosity of the corrosion coating. 
The decreased particle size probably enhanced the ability of the protective layer to decrease 
the penetration of water and oxygen on the steel substrate, and this would result in the 
reduced corrosion rate of the steel coupons. Therefore, it was proposed that the larger 
fraction of superparamagnetic goethite in the corrosion products was closely related to 
reduction in the corrosion rate. The larger amounts silicon and smaller amounts of 
phosphorus in the steel increased the fraction of superparamagnetic goethite, independent of 
the different environments. However, different amounts of nickel did not affect the formation 
and development of the iron oxides after sixteen years of exposure. Thus, for long term 
lifetime of steel structures, it can be said that increasing silicon content in steel substrate 
would be helpful in enhancing corrosion resistance caused by increasing the relative fraction
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of superparamagnetic goethite under atmospheric condition. Use of the coupon A3 5, A242 
weathering steel, and coupons A50 and A52, A588 weathering steel, were suggested for 
constructing outdoor steel structures for extending the lifetime of the steel structures, 
independent of environmental conditions.
In the corrosion products formed in Gulf of Mexico coast, the layer closer to steel 
substrate mainly consisted of goethite and the other layer near to the surface of corrosion 
products was mainly composed of lepidocrocite. Akaganeite was randomly found, but its 
high concentration was generally seen in the layer near to the surface of corrosion products. 
Akaganeite and lepidocrocite formed with the largest relative fraction. Lepidocrocite was the 
dominant iron oxide in the corrosion products formed at the inland, while the dominant iron 
oxide formed at the shoreline was akaganeite. It is believed that increasing the formation of 
akaganeite would be caused by the higher atmospheric concentration of chloride ions at the 
shoreline.
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Section 10 
Recommendation For Further Study
With the completion of this research, the Mossbauer, Raman and x-ray diffraction 
data have provided a better understanding of the effects o f atmospheric corrosion on steels 
as a function of environment, exposure time and type of steel, and developed as a database 
of the atmospheric corrosion data for structural steels under similar environmental 
conditions. It is also suggested that all the three techniques, Mossbauer spectroscopy, Raman 
spectrometry and x-ray diffraction, are required for making a complete study of atmospheric 
corrosion on steels.
However, there is some recommendation for further study of atmospheric corrosion 
of steels. First, the hyperfine parameters of superparamagnetic iron oxides due to extremely 
fine particle sizes are almost the same, and also they are very close to those of lepidocrocite. 
If superparamagnetic component of the iron oxides still exists in the doublet contributed by 
lepidocrocite at 77K, accurate determination of the relative fraction of each iron oxide in a 
mixed iron oxide sample is very difficult. Thus, in order to completely identify the 
superparamagnetic iron oxides in a mixed iron oxide sample, the iron oxides need to 
characterize. The unique characterization of the superparamagnetic iron oxides may be 
achieved at 4K, or with external magnetic field applied.
Second, the formation of superparamagnetic goethite which is possibly closely related 
to the corrosion rate of steel, needs to be established, so that a direct relationship between 
the amounts of superparamagnetic goethite and the corrosion rate of steel can be determined. 
Many more corrosion samples exposed over much different time intervals need to be studied 
in order to develop a suitable model concerning the phase transformation of iron oxides and
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to establish a direct correlation between the amounts of superparamagnetic goethite and the 
corrosion rates of steel.
Third, the study of the impurities content in corrosion products is suggested using 
Electron Probe Micro-analysis (EPMA), Energy Dispersive X-ray analysis (EDS) and 
Scanning Electron Microscopy (SEM) because impurities may be related to reducing particle 
size of iron oxides. Impurities can be supplied from atmosphere and/or steel substrate. 
Actually, it was discussed in this study that increasing the silicon content in steel substrate 
produced an increase in the amounts of superparamagnetic goethite. Therefore, Mossbauer 
study of substitution of different amounts of alloying elements into iron oxides will be very 
valuable for the investigation of corrosion behavior of steel.
Furthermore, the study of cracking and flaking of corrosion products would be 
valuable for developing a complete understanding of atmospheric corrosion of steels. The 
fracture of small particles in corrosion products were often found after transportation 
However, the reasons for cracking and flaking corrosion products are not known.
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